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SUMMARY
Recombination at the his-3 locus, in linkage 
group I, besides being controlled by rec-w+ whose 
existence was already known, is also affected by 
cog+. The locus of rec-w is in linkage group V 
and that of cog in linkage group I between 
his-3 and ad-3.
The gene rec-w+ reduces allelic recombination 
by a factor of about 5 in cog x cog crosses and by 
a factor of about 30 in cog+ crosses. cog+ 
increases allelic recombination by a factor of 
6 in rec-w x rec-w crosses; rec-w+ is epistatic 
to cog+. The distribution of the flanking regions, 
marked by arg-1 and ad-3, are affected in a 
complex manner.
Non-allelic recombination in the his-3/ad-3 
region is greatly increased by cog+ in the 
absence of rec-w+.
A his-3 mutant (TM429) in which the gene is 
broken was found. It is due to an interchange. Its 
behaviour in allelic crosses in the presence and 
absence of cog+ and rec-w+ shows that TM429 does not 
convert and that rec-w+ has an effect on allelic 
recombination only in the presence of cog+ in the
Vother parent.
These facts suggest theories of recombination 
in which rec-w+ is a regulator and cog+ is 
either a recognition site for the initiation of a 
recombination event or specifies a recombinase of 
restricted activity.
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CHAPTER 1
INTRODUCTION
1.1 The subject
Despite the wealth of experimental results and 
the many theories put forward, the mechanism of 
recombination is still not fully understood.
Genetic recombination which occurs between 
different linked genes is virtually always reciprocal, 
'allelic recombination on the other hand is usually non 
reciprocal and occurs by a process called conversion.
The two kinds of event are correlated in their 
occurrence, (see paragraph 1.2 and Chapter 4 paragraph 4.5) 
suggesting that each is a different result of the same 
total mechanism. In Neurospora crassa each kind of 
recombination is under genetic control of a highly 
specific nature, such that a given recombination gene 
controls recombination in one or a few loci or regions.
Allelic recombination at the histidine-3 locus is 
controlled by a gene, recombination-w+ (Catcheside and 
Austin, 1969), which is probably the same as rec-4+
(Jha, 1967). This dominant gene has the effect of 
reducing allelic recombination between his-3 mutants, 
but the degree of the effect of its presence or absence 
depends upon other genetic factors. Thus, crosses
2involving the three his-3 genes K504, K26 and K874 
show approximately the frequencies of prototrophs per 
hundred thousand spores given in TABLE 1. If the 
mutant K26 is in the cross, the absence of rec-w+ 
allows about thirty times as many prototrophs. If K26 
is not in the cross, however, the absence of rec-w+ 
allows only five times as many prototrophs. The 
problem dealt with in this thesis is the cause of this 
six-fold difference in sensitivity and its interaction 
with the rec-w and rec-w+ genes.
1.2 Allelic and non-allelic recombination.
Allelic recombination was generally supposed to 
be always reciprocal until Mitchell (1955) described 
in Neurospora crassa a cross between two mutant alleles. 
She obtained four asci in each of which two of the 
spores were wild type. If these were normal recom­
binants doubly mutant spores could be expected in the 
same asci, but were not found. This non-reciprocal 
recombination was given the name of gene conversion.
It was thought that normality at a site would induce 
the mutant site in an homologous chromosome to convert.
Tetrad analysis of the kind used by Mitchell has 
the highest resolving power since all the products of 
meiosis can be analysed; analysis of crosses by 
selection of prototrophs from random spores also yields 
valuable information of a complementary character.
TABLE 1
Frequency of prototroph formation in the presence and 
absence of K26 at the his-3 locus.
Alleles
Crossed rec-w x rec-w +rec-w x rec-w ratio
K50 4 x K 26 150 5 30
K 26 x K874 18 0.6 30
K504 x K874 20 4 5
3Two organisms have provided particularly good and 
detailed evidence from the use of tetrad analysis: 
Sordaria fimicola (Kitani, Olive and El-Ani, 1962; 
Kitani and Olive, 1967; 1969) and Saccharomyces 
cerevisiae (Fogel and Hurst, 1967; Fogel and Mortimer, 
1969; 1970; Fogel, Hurst and Mortimer, 1970; Hurst, 
Fogel and Mortimer, 1970). Information from Neurospora 
crassa is consonant, but allelic recombination is 
generally less common and extensive data more difficult 
to gather.
As in Neurospora, Sordaria has eight spores in an 
ascus in the same order with which the nuclei were 
originated at meiosis. Kitani and Olive (1967; 1969) 
have studied gene conversion and allelic recombination 
in Sordaria in systems involving 5 mutant alleles at 
the spore colour locus hyaline and one mutant allele 
at the spore colour locus gray. The crosses studied 
were gray x wild type, gray x hyaline and g-^ h^  x wild 
type. The gene gray causes the spores to have a grey 
colour, the phenotypic expression of hyaline is a 
hyaline colour of the spores. Aberrant asci showing 
6+:2m; 2+:6m; 5+:3m and 3+:5m ratios of wild type to 
gray or hyaline spores were found. Asci with 4:4 
pattern but with four of the spores not in identical 
pairs were also obtained in addition to the normal 4:4. 
The 6+:2m and 2+:6m asci are the result of gene
PLATE ]
-  3
N o r t h - S o u t h  TM 429 
E a s t - W e s t  E m e rs o n  a
N o r t h - S o u t h  Y 8743 
E a s t - W e s t  E m e rs o n  a
] - 4  TM 429
2 -  5 TM 507
3 -  6 E m e rs o n  a
4conversion, the 5+:3m and 3+:5m ratios also involve 
conversion and arise from post-meiotic segregation.
With respect to the relative frequencies of the 
various ascus patterns, it is of interest that 6m:2+ 
asci were more frequent than the 2m:6+ type. Like­
wise the frequency of 5m:3+ patterns was higher than 
that of the 3m:5+ type. Not all the observed tetrads 
could be classified fully when gray and hyaline were 
segregating together because asci containing one or 
two doubly mutant spores could not be distinguished 
visually since all h mutant genes are epistatic to 
gray. Kitani and Olive (1969) also found that the 
conversion frequency was higher for some alleles than 
others and that 36% of the conversion events (Kitani 
and Olive, 1967) were accompanied by recombination of 
the flanking markers.
Recombination has also been extensively studied 
in yeast S. cerevisiae at several loci. Yeast asci 
carry four ascospores, not in a linear order, so that 
ordered tetrad analysis of the kind known in Neurospora 
is not possible. In yeast, however, analysis of all 
asci rather than selected ones containing recombinants 
has been accomplished. As a result significant new 
features of conversion have been observed.
Aberrant l+:3m and 3+:1m tetrads were obtained 
from allelic crosses at the arg-4 locus (Fogel, Hurst
5
and Mortimer, 1970). The aberrant tetrads were 
classified into three groups; reciprocal recombination, 
single site conversions and double site conversions 
(see TABLE 2).
Tetrads from this latter group do not yield any 
prototrophs and their frequency is related to the 
relative positions of the sites of the allelic 
differences crossed.
Alleles whose sites lie close together show a 
high frequency of double site conversions. Similar 
data were obtained from the analysis of unselected 
tetrads from crosses of his-1 alleles (Fogel and 
Hurst, 1967; Fogel and Mortimer, 1969). It was also 
found that the sum of single and double site con­
versions is approximately constant for a given locus. 
Another significant feature of the work done on 
Saccharomyces is that recombination of the outside 
markers accompanies about 50% of the conversion 
events. This seems to suggest that allelic and inter- 
allelic recombination which were thought to be 
dependent upon completely different mechanisms may 
actually be different aspects of the same phenomenon. 
Fogel, Hurst and Mortimer (1970) observed double site 
and multiple site conversions also in crosses 
involving three or four sites of mutational difference 
at the arg-4 locus.
TABLE 2
Asci
Allelic recombination in yeast
Cross
m
11
+
Single site conversions Double site 
conversions
Normal Conversion of 
ml
Conversion of 
m2
Symmetrical
conversion
Reciprocal
recombin­
ation
m^ + m^ + or m^ + m, + or m., + 1 1 m^ + or m^ + “i +
m^ + + + m^ + ml + ml m2 + m2 mi + ml m2
+ m2 + m2 m2 + + + m2 + m2 m^ + + +
+ m2 + m2 + m2 + m2 + m2 + m2 + m2 + m2
1.3 Physico-chemical and biochemical evidence on 
recombination.
In recent years research on procaryotes, viruses 
and fungi has produced a fairly detailed account of 
the main steps involved in genetic recombination. The 
most significant facts can be summarised as follows.
a) The replication of DNA molecules is semi­
conservative (Taylor, Woods and Hughes, 1957; Meselson 
and Stahl, 1958; Sueoka, 1960).
b) Rossen and Westergaard (1966) showed in the 
ascomycete Neotiella rutilans and Henderson (1966) in 
the locust Schitocera gregaria that the time of the 
major round of DNA synthesis is prior to meiosis.
c) Recombination occurs by breakage and rejoining
of DNA strands (Meselson and Weigle, 1961; Kellenberger, 
Zichichi and Weigle, 1961; Meselson, 1964).
d) Recombinant chromatids contain labeled DNA from 
both parents (Meselson and Ihler, 1963; Meselson, 1964).
e) A small amount of DNA synthesis occurs during 
recombination (Meselson, 1964; Hotta, Ito and Stern, 
1966) .
In E. coli (Clark and Margulies, 1965) mutants 
deficient in recombination were found. These mutants, 
which map at the loci rec-A, rec-B and rec-C, are 
recessive and sensitive to ultraviolet light. Strains 
of E. coli carrying rec A show very little recombination
6
and a high sensitivity to UV irradiation. rec B and
7
rec C mutants have instead a reduced amount of recom­
bination and their DNA breakdown on irradiation is 
less than in wild type. It is possible that the 
reduced amount of DNA breakdown in these mutants is 
due to the fact that they lack a deoxyribonuclease 
(Oishi, 1969). This suggests that this enzyme, 
probably an exonuclease, has a role in recombination.
In phage X / Echols and Gingery (1968) and 
Signer and Weil (1968 a) discovered the recessive 
mutants red which greatly reduce recombination if 
they are grown in the phage in rec strains of E. coli. 
The red genes define the X  exonuclease (red A and red C) 
and probably a protein associated with this enzyme 
(red B). The function of the exonuclease (Signer and 
Weil, 1968) is to degrade single strands of double 
stranded DNA starting from the 5' ends. In contrast 
with the red mutants which are capable of integration 
with the host DNA and of excision even in E. coli 
strains which are recombination deficient (rec),
Echols, Gingery and Moore (1968) and Weil and Signer 
(1968) found a X gene, int A which controls recom­
bination at a specific site but does not affect 
recombination within A except at the site of 
integration.
1.4 Theories of the mechanism of recombination.
On the basis of the physicochemical and genetic
8
evidence Whitehouse (1963; 1964; 1966; 1969),
Whitehouse and Hastings (1965) and, independently, 
Holliday (1964; 1968) proposed a mechanism of recom­
bination based on the formation of hybrid DNA. There 
seems to be little doubt that, in agreement with their 
hypotheses, recombination occurs at the molecular 
level and involves the formation of hybrid DNA by a 
process of breakage of DNA strands, their separation 
and their pairing in new ways by the specific sequency 
of complementary bases. If the hybrid DNA thus formed 
includes sites of genetic difference, bases are mis­
matched and may be "corrected". Both hypotheses agree 
on these basic principles but differ on some important 
issues, though it is difficult to devise experiments to 
differentiate them.
Holliday (1968) suggested that the initial breakages 
occur in strands of the same polarity followed by 
annealing and rejoining. Repair then happens by enzymic 
excision of mismatched bases, followed by the insertion 
of a complementary pair. DNA breakdown and synthesis 
is presumed to occur only if a hybrid region includes a 
heterozygous site. A consequence of this theory is that 
since the initial breakages occur in strands of the same 
polarity, the two mismatched base pairs are different.
If the second pair of breaks happens in the same DNA 
chains as were involved in the primary breaks, 
convertants will have outside markers in parental
9
combinations. If the secondary breaks occur in the 
other two chains there is recombination of the outside 
markers. It follows that parental and recombinant 
combinations of the flanking markers are expected with 
the same frequency.
Whitehouse suggested that the initial breaks occur 
in single DNA strands of opposite polarity, DNA synthesis 
occuring along both the unbroken strands, the newly 
synthetised chains then dissociate from their templates 
and associate with the complementary broken chains from 
the other broken strand. The crossover is then com­
pleted by the breakdown of the unpaired crossover chains. 
The rejoining of broken strands takes place by lateral 
association of complementary segments from homologous 
regions. According to this hypothesis formation of 
hybrid DNA is always accompanied by a small amount of 
DNA synthesis. Since the initial breaks occur in 
chains of opposite polarity convertants with outside 
markers in parental combinations arise only from 
simultaneous crossovers in the same two chromatids in 
adjacent segments. Dissociation of the DNA strands on 
one side only of an opening point results in conver­
tants with recombined flanking markers. Thus the 
proportion of convertants with parental combinations 
of flanking genes would range from zero to a half, 
after correcting for other non allelic recombination.
10
Both of these theories require enzymic corr­
ection of the mismatched base pairs. Holliday (1967) 
obtained, in Ustilago maydis, two recessive mutants 
uvs-1 and uvs-2 each of which are sensitive to both 
UV and x rays. The effect of these mutants is to 
prevent ultraviolet induced mitotic gene conversion.
The mutant uvs-2 also blocks meiosis. The results 
obtained by Holliday suggest that repair of DNA 
damaged by irradiation and recombination may have 
some steps in common.
Enzymic correction of mispaired bases has been 
demonstrated in virus A by Hogness, Doerfler, Egan 
and Black (1967). The enzymes which are responsible 
for repairing DNA damaged by radiation have been 
isolated and the steps of the procedure are known. 
According to Howard-Flanders and Boyce (1966) repair 
of irradiated DNA occurs by four steps: 1) an endo­
nuclease excises the trinucleotide which contains 
the damaged nucleotides; 2) an exonuclease widens the 
gap for a segment estimated to average 500 nucleotides; 
3) a DNA polymerase repairs the gap using the intact 
DNA chain as a template; 4) another enzyme, DNA ligase, 
effects the rejoining of the phosphodiester backbone 
after all the nucleotides have been inserted. The 
enzymes involved in correcting heterozygosity in 
hybrid DNA have not been isolated in direct experiments
11
but there is a strong presumption that the process 
is analogous to that of repair in irradiated DNA and 
perhaps uses the same or similar enzymes.
Kitani and Olive (1967; 1969) found that 
frequencies of asci respectively with 6+:2m and 2+:6m 
spores and of 5+:3m and 3+:5m asci were unequal.
These results are explicable by the hybrid DNA 
hypotheses. According to Holliday (1968) the 
inequality in asci frequency is due to the fact that 
repair of a particular base may not occur or if it 
does the repair enzyme may excise more frequently the 
wild type or the mutant base. Emerson (1966) treated 
the system mathematically on the Holliday hypothesis 
that the two mismatched base pairs in the two hybrid 
regions are different and they might therefore be 
expected to respond differently to the repair 
mechanism. He was thus able to show that data from 
Ascobolus (Emerson and Yu Sun, 1967) and from Sordaria 
(Kitani, Olive and El-Ani, 1962) fit the expected 
values provided that the rates and direction of repair 
of the two mismatched bases are dissimilar. The data 
do not fit the expected values if the rates of repair 
are assumed to be the same.
Holliday (1964) suggested that the repair of 
mismatched base pairs might sometimes operate by the 
excision of both members of the pair, followed by the 
insertion of a complementary pair which is different
12
from that in either parent. The phenotype of the 
resulting convertant may be mutant or wild type but it 
might differ in some properties from either parent. 
Emerson and Yu-Sun (1967) found that some 2+:6m asci 
in Ascobolus contained two apparently identical mutant 
spores which showed different conversion frequencies 
from the original mutant when crossed to the same wild 
type. Kitani and Olive (1967) obtained similar results 
in Sordaria. On the other hand Fogel, Mortimer and 
Hawthorne (1970, quoted in Fogel, Hurst and Mortimer, 
1970) obtained convertants from crosses heterozygous 
for amber and ochre mutants. From a cross between 
amber and wild type, some l+:3m asci were obtained. It 
is known that amber mutants are nonsense mutants and 
that they correspond to the anticodon UAG. Super­
suppressor genes are known which are specific in their 
action and which are capable of suppressing amber 
mutants. They probably code for an altered t RNA 
(Gilmore, 1967; Stewart and Sherman, 1968; Gilmore, 
Stewart and Sherman, 1968). It was found that the three 
mutant spores in the 1:3 convertant asci displayed 
identical responses to different classes of super­
suppressors. This test is capable of detecting single 
base changes in the mutant codon, in fact if one of 
three mutants were changed from UAG to UAA or to a 
missense codon it would show a different response to a 
given super-suppressor gene. Thus the authors
13
concluded that correction of mismatched base pairs 
involves replacement in the relevant DNA segment with 
information identical to that carried in the 
homologous non-sister chromatid. Similar results 
were obtained by Fogel and Mortimer (1970) from 
mitotic gene conversion in yeast. The results 
obtained in Ascobolus (Emerson and Yu Sun, 1967) and 
Sordaria (Kitani and Olive, 1967) might be due to 
genes other than those whose reversion is studied. 
These genes might be like the rec genes in 
Neurospora.
Both the Holliday and Whitehouse theories 
explain the double site conversions observed in 
yeast in a similar way. When ultraviolet-induced 
thymine dimers are removed from DNA in E. coli, 
generally about 500 nucleotides are excised (Howard- 
Flanders and Boyce, 1966). It is likely that a 
similar or longer length of chain is removed in the 
correction of mispairing in hybrid DNA. A second 
site of heterozygosity can thus often be included in 
the excised segment. Both sites would then be 
corrected to the same parental genotype and no 
recombination between the alleles would result.
When recombination at a given locus is studied 
in conjunction with the frequency with which markers 
flanking the locus recombine, it is often found that 
the alleles show frequencies of conversion which are
14
apparently a function of the position they occupy in 
the locus. Recombination can be polarised proximally 
or distally or within the same locus and a reversal 
of polarity has been observed but not satisfactorily 
explained. Murray (1968) showed that the direction of 
polarity at the me-6 locus was reversed with respect to 
the centromere when the gene was transferred to a 
paracentric inversion. This proved that polarity was a 
property of the me-6 region and was not imposed by the 
centromere. The data obtained by Murray (1968) are in 
agreement with those of Pees (1967), Fogel and Hurst 
(1967) and Mosseau (1966), in that sites close to the 
ends of a locus are converted more frequently to wild 
type. Kitani and Olive (1969) also observed polarity 
amongst the alleles at the h locus. According to the 
hybrid DNA hypothesis of Whitehouse and Hastings (1965) 
primary nucleotide breakage is restricted to the ends 
of the gene and reversal of polarity results because 
hybrid DNA can enter from the distal or proximal region. 
All four combinations of flanking markers are found 
because the length of the hybrid region can be greater 
than that of the locus. The recombinant classes are 
expected to occur with a higher frequency than the 
parental ones but, according to Whitehouse, this 
relationship will be reversed if a change in polarity 
occurs. To explain polarity Holliday (1968) assumed 
the existence of short sequences of bases as the
15
specific substrates for an enzyme that initiates a 
recombination event by causing the first single strand 
breaks at exactly the same point in strands of the same 
polarity. This sequence, which Holliday calls the 
recombinator, is expected to occur at intervals along 
the chromosome. It is also assumed that recombinators 
are uncommon and usually outside the locus within which 
recombination is detected.
When the recombinator is within the locus, the 
formation of hybrid DNA could take place between mutant 
sites and result in a majority of convertants with 
recombined flanking markers. Although polarity has 
been reported by a number of workers, its features are 
not clearly defined and have not been explained 
satisfactorily. It is also possible as Catcheside 
(1966b) has pointed out in the case of the me-2 alleles 
(Murray, 1963) that a genetic difference is present in 
one of the functional elements of the genetic 
recombination process.
Stahl (1969) proposed another hypothesis of 
recombination which is essentially different from those 
above in that the breakage and rejoining of the DNA 
duplexes is always non-reciprocal and in that mismatched 
base pairs are not corrected by enzymes. This theory 
makes many assumptions and fails to explain or is in 
open conflict with several features of allelic
16
recombination described above. For these reasons is 
not considered in detail here.
1.5 Genes controlling recombination in Neurosjoora
crassa.
Since it appears that enzymes are responsible 
for the various steps leading to the formation of 
hybrid DNA and to the correction of mismatched bases 
and all the other operations needed for recombination, 
it may be assumed that such enzymes are specified by 
genes and may be subjected to genetic control. Genes 
affecting recombination have been discovered in 
Neurospora and a detailed study of their mode of 
action may help to clarify the mechanism of 
recombination.
All the known rec factors in Neurospora have in 
common that they display a high degree of specificity 
and that the dominant gene reef1" reduces recombination 
frequencies at the locus or loci affected. The yield 
of prototrophs is greatly increased if the recessive 
rec gene is carried by both parents. In TABLE 3 all 
the known rec genes are listed, together with the 
loci they affect and their relative locations in the 
linkage groups.
In the case of rec-l+ (Catcheside and Austin, 
1969), its specificity of action was tested upon all 
the other known histidi-ne genes, except his-4, and
17.
on amination-1, inositol and tryptophan-1. None of
these eight loci tested was affected by rec-l+.
Similar tests of specificity were performed with
rec-3+ (Catcheside, 1966a) on four loci other than
am-1 and in this case also results were negative.
This specificity of action is however not to a single
locus, since it has been found that the gene rec-x+
which reduces recombination at the his-2 locus is
very probably the same as rec-3+ (Catcheside and
Austin, 1969; 1971). It is not possible to prove
absolutely that two rec genes are identically the
same, but if they are inseparable in a given number
of trials the probability that they could be different
can be measured. In the case of rec-3 and rec-x, the
genes, if different, are less than 0.14 centimorgans
apart with 95% probability. All the stocks so far
+ +examined are rec-3 rec-x or rec-3 rec-x (Catcheside 
and Austin, 1971).
The gene rec-z+ which regulates recombination at 
the nitrate-2 locus (Catcheside, D.E.A., 1970) is not 
identical to rec-3+ but could be the same as rec-l+, 
in view of their location in similar parts of linkage 
group V.
Another common feature of rec genes is that they 
affect the distribution of flanking markers amongst 
prototrophs. That the effect on the distribution of 
the markers is probably not due to a separate genetic
18
factor has been shown for rec-l+ (Thomas and Catcheside, 
19 69) and rec-3+ (Smyth, 19 70) . In rec-l+ , the 
analysis of 69 progeny of a rec-1 x rec-l+ cross 
failed to show segregation of the rec-1 locus from any 
factor affecting the distribution of the flanking 
markers amongst prototrophs. The locus of rec-3+ is 
in linkage group I (Catcheside, 1966a) approximately 
midway between mating type and arg-3. The interval 
mating type/arg-3 is 31.7 map unit as measured by 
Smyth (1970). Twelve isolates of rec-3 constitution, 
all crossovers between mating type and arg-3, were
examined and the effect on the flanking markers
distribution was not separated from rec-3.
The effect on the distribution of flanking genes
amongst prototrophic recombinants is most simply
expressed if all crosses and their progeny are
described in general terms as follows:
Pi +i D
cross r~
p
1+ ~T~m2 "1d
Proto-
p
I
+
t
+
1
D
1
)
)
trophic
Progeny
| Parental 
)~ r
p
1+ ~T~+ 1d
p_i_ +i +1 D1 )? Recombin- 
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r~p 1+ i+ 1 .d
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P and p are genes at a neighbouring proximal locus, while 
D and d are genes at a distal locus. In rec-1 x rec-1 
crosses, the parental class PD is larger than the other 
parental class, the recombinant class pD is larger 
than Pd.
The sum of the two parental classes is greater 
than pD + Pd. In the presence of rec-l+ the class pd 
is more frequent than PD, but the parental classes are 
still more frequent than the recombinant ones. The 
relative sizes of the four classes of markers amongst 
prototrophs can be explained on a simple quantitative 
theory (Catcheside, 1968). Assuming that hybrid DNA 
can enter from either or both sides of the his-i locus 
(FIG. 1) and may cover either or both sites of allelic 
difference, the expected relative sizes of the four 
prototroph classes may be derived (TABLE 4.). This 
mathematical treatment is based on the assumption 
that secondary breaks occur with equal frequency in 
the same DNA chains or the sister DNA chains, as 
Holliday (1968) also assumes.
If the Whitehouse theory is accepted the system 
is more complex since the second crossover required 
for the parental combinations provides an extra 
unknown parameter. It was shown (Thomas and Catcheside, 
1969) that the effect of rec-l+ could be explained on
the assumption that hybrid DNA enters the locus only
TABLE 4
(from Catcheside, 1968)
Proportions of
Hybrid DNA prototrophs 
from this source
Proximal K
Distal l-K- 1
Dual l
Distribution of flanking 
markers among prototrophs
PD pd pD Pd
1 - S s 1-s s
2 2 2 2
1 1 1 1
4 4 4 4
r 1-r 1-r r
2 2 2 2
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from the distal site to cover only the distal site 
or both sites, whereas in the absence of rec-l+ 
hybrid DNA could also enter proximally to cover only 
the proximal site or both sites. The effect of rec-3 
(Catcheside, 1966b; Smyth, 1970) on flanking marker 
distribution is similar. In rec-3 x rec-3 crosses PD 
is greater than pd and the parental classes are more 
frequent than the recombinant ones. No marked diff­
erence however was found between the two recombinant 
classes. The effect of rec-3+ is to reduce the 
hybridity in the proximal region without affecting 
the hybrid DNA which enters from the distal side.
Thus both the polarity and the frequency of 
recombination are affected by the presence of rec-3+. 
The class PD remains in excess in the presence of 
rec-3+ but its size relative to pd is reduced. The 
genes rec-l+ and rec-3+ appear not to affect non­
allelic recombination in unselected progeny in the 
neighbourhood of their target loci.
Smith (1966) found that the frequency of 
recombination between the loci pyr-3 and leu-2 was 
reduced in the presence of yet another gene which 
was named rec-2+. This recombination gene is, on 
existing evidence, apparently different from the 
others in that it is not known to affect interallelic 
recombination at any locus, though only his-5 has
been tested directly. Recombination between pyr-3
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and leu-2 in rec-2 x rec-2 crosses is about 23% and 
is reduced to 10% in the presence of rec-2+. It was 
shown that the effect of rec-2 is limited to the 
pyr-3/his-5 interval (Smith, 1966) . The question 
whether rec-2+ must be considered different, in nature 
and mode of action from the others is connected to the 
question whether the mechanisms of crossing over and 
of gene conversion must be considered as essentially 
different. This will be discussed in Chapter 4.
Besides the primary objective stated in paragraph 
1.1, this thesis reports and analyses extensive studies 
of the effect of rec-w+ on recombination at the his-3 
locus and on the distribution of flanking genes amongst 
his-3+ prototrophs arising from crosses between allelic 
his-3 mutants. These studies tend to show that effects 
upon the neighbourhood of his-3 are correlated, as in 
other cases, with effects upon the frequency of 
recombination.
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CHAPTER 2
METHODS AND STOCKS.
2.1 Stocks.
The genetic control of recombination at the 
his-3 locus was studied by analysing a system of 
repulsion phase crosses which involved 23 allelic 
mutants.
The genes used as flanking markers were 
arg-1 (K166) at the proximal locus and ad-3A (K118) 
at the distal
The experiments were made easier and more 
accurate by the introduction in all the stocks of the 
colonial temperature sensitive cot-1 mutant C102.
This gene shows no phenotypic expression at 25°C but 
has restricted branched growth at 34°C (Mitchell and 
Mitchell, 1952). Thus, at 34°C, colonies are 
prevented from merging,and their counting is easier 
and more exact. The loci used as markers to locate 
rec-w+ were: IL mating type; IIR tryptophan-3;
IIIR tryptophan-1; VR adenine-7. FIGURE 2 shows 
linkage maps of the ten loci used in the course of 
this research. The position of centromeres in each 
map is only approximate; the map distances between 
mating type, arg-1, his-3 and ad-3 are discussed in
FIGURE 3
Linkage map of the loci used in the course of
this research. The position of the centromeres
and the relative distances of the loci from 
them are approximate. The values given in 
group 1 are those characteristic of the stocks 
used and will be discussed in Chapter 6.
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Chapter 4. The experiments to locate rec-w+ are 
reported in Chapter 3.
In the course of the stock building procedures 
care was taken to keep the genetic background of 
stocks as similar as possible. The pedigrees of all 
the stocks used are described in Appendix 1. The 
family numbers of stocks from Prof. Catchesides's 
collection are prefixed by DGC, the mutant alleles by 
the letter K. Stocks from the author's collection carry 
only a number, crosses are indicated by a number 
prefixed by X and the original mutants' number is 
preceded by TM.
2.2 Media.
Vogel's Medium N (Vogel, 1964) was used for 
vegetative growth. Stocks were maintained in 100 x 12 mm 
tubes containing 1.5 ml of Vogel's medium supplemented 
with 2 gm of sucrose and solidified with 1.2 gm% lonegar 
No.2. For testing auxotrophs, mycelial fragments or 
conidia were transferred on to Petri dishes containing 
solid Vogel's medium supplemented with 0.1 gm% sucrose 
and 0.5 gm% sorbose (SS medium). Sorbose was added to 
curb growth (Tatum, Barratt and Cutter, 1949). Since 
the combination of sucrose and sorbose affects the 
germination of ascospores (de Serres, K^lmark and 
Brockmann, 1962), when spores were plated Vogel's 
medium was supplemented with 0.0125 gm% glucose,
0.025 gm% fructose and 0.5 gm% sorbose (SGF medium).
To solidify this medium 1.2 gm% Difco agar was used.
The layer agar used to plate ascospores was Vogel's 
medium supplemented with 1 gm% sucrose, 0.5 gm% sorbose 
and 0.8 gm% Difco agar. Crosses were made in 15 x 150 mm 
tubes containing 5 ml of Westergaard liquid medium 
(Westergaard and Mitchell, 1947) supplemented with 2 gm% 
sucrose. Whenever it was necessary supplements were 
also added to the media at the rates given: L-histidine 
(300 mg/1), L-arginine (400 mg/1), adenine (100 mg/1), 
L-tryptophan (400 mg/1).
A combination of a basic amino acid such as 
arginine with a neutral amino acid such as tryptophan 
affects the uptake of histidine (Mathieson and 
Catcheside, 1955), thus inhibiting growth of histidine 
mutants on histidine. If, however, the medium is 
supplemented with 600 mg/1 histidine, 200 mg/1 arginine 
and 200 mg/1 tryptophan inhibition of growth does not 
occur.
2.3 Assay Methods.
The plating technique used to collect his-3+ 
prototrophs is basically the same first described by 
Newmeyer (1954) and subsequently modified by 
Catcheside (1966a). Water was added to one or more 
crossing tubes, the suspension of ascospores and 
debris was filtered through gauze and washed into a
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boiling tube. At least four hours were allowed for 
the ascospores to sink to the bottom of the tubes, 
the supernatant water and conidia were decanted and 
the spores transferred into screwcapped bottles 
containing fifteen ml of molten layer agar (A). The 
bottles were placed in a water bath at 56°C for 1 hour 
to activate the spores and to kill the remaining 
conidia. 0.5 ml of A suspension was diluted into 
19.5 ml of molten layer agar (B dilution) and 1 ml of 
B was added to a C bottle containing 19 ml of molten 
layer agar. The total concentration in C was thus 
l/8oo that in A. To estimate the total number of 
viable ascospores, 3 ml of the C dilution were 
plated onto each of two plates containing SGF medium 
supplemented with histidine, arginine and adenine.
The frequency of colonies on the C plates multiplied 
by 2000 is equal to the total number of viable 
ascospores contained in 15 ml of the A bottle 
dispensed in 3 ml lots onto 5 plates of SGF medium 
suitably supplemented to allow growth of the his-3+ 
prototrophs only. The A plates were previously 
heated for one hour in a 56°C incubator to delay 
setting of the layer agar thus allowing ascospores to 
settle to the bottom of the layer. During all stages 
of sampling the spores dilutions were vigorously 
mixed by means of a vortex mixer (Rota Line, Australia; 
Model VM).
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All the plates were incubated at 25°C for 10-12 
hours, followed by 24 hours incubation at 34°C. When 
phenotypic expression of cot-1 had occurred, the 
number of colonies on each plate was recorded. To 
determine the distribution of flanking markers among 
prototrophs, two small branches from each colony were 
placed in corresponding squares of SS + adenine and 
SS + arginine plates. These plates were then 
incubated for 18 hours at 25°C and scored after a 
further 6 hours incubation at 34°C.
Prototrophs carrying arg-1 do not grow on plates 
supplemented with adenine, those of ad-3 constitution 
do not grow on SS + arginine, absence of growth on 
both plates indicates arg-1 ad-3 constitution and the 
absence of both mutant markers is indicated by growth 
on both plates. The nutritional requirement of the 
arg-1 mutant K.166 is not absolute since it shows some 
growth in absence of arginine. If a 100 x 12 mm tube 
containing unsupplemented medium is inoculated with a 
smear of K166 conidia and incubated at 25°C, within 
60 hours from the inoculation mycelial growth covers 
the surface of the medium. Growth does not continue 
beyond this amount and stops altogether if the 
temperature is raised to 34°C.
Both ad-3A and ad-3B secrete a purple pigment 
when grown on medium supplying limited amounts of 
adenine. The pigment is apparently formed from
27
accumulation of 5-amino-imidazole riboside (AIR) due 
to the block in the further conversion of this 
intermediate of biosynthesis. This character is very 
evident in cultures 7 days old but classification by 
means of this character is very uncertain in young 
cultures. Therefore it was not used to classify 
colonies in studying distribution of the flanking 
markers.
2.4 Selection of his-3 mutant alleles.
Induction and recovery of histidine mutants were 
done as follows.
Four wild type stocks derived from Y8743A were 
grown in 100 x 12 mm tubes for 7 days. Conidia were 
suspended in 2.5 ml of water, filtered and re-suspended 
in 10 ml of water. These suspension were placed in 
glass Petri dishes of 5 cm diameter which were placed 
as close as possible to the radiation source, an ultra­
violet lamp, (T/M5/36g, Thermal Syndicate Ltd.; 
Vitreosil Works, Wallsend-on-Tyne). The suspensions 
were shaken manually for the duration of each treatment 
which was 30 seconds. The ultraviolet lamp was 
allowed to warm for 15 minutes before each treatment.
The filtration enrichment technique used to select 
mutants requiring histidine for growth was basically 
that described by Catcheside (1954). Treated conidia 
were inoculated into boiling tubes containing 20 ml
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of unsupplemented medium. These were placed in a 
water bath at 25°C and filtered air was bubbled 
through Pasteur pipettes fitted into the tubes' 
plugs. This device kept conidia and hyphae in 
suspension and prevented ungerminated conidia from 
being trapped in the growing mycelium. Filtration 
was done whenever there was an appreciable amount 
of growth, usually every 8 hours. Thirty-six hours 
after treatment the suspensions were filtered again 
and centrifuged at 3000 revolutions per minute for 
30 minutes. The supernatant liquid medium was 
poured off and conidia resuspended in 30 ml of layer 
agar. 3 ml lots of this were plated on to ten plates 
of SGF medium supplemented with histidine. These 
plates were kept for 5 days and colonies were collected 
every day. It was necessary to curb the growth of the 
early colonies. To this end after each collection 
plates were incubated at 34°C for six hours and the 
collected colonies were cut out. Plates were then 
incubated again at 25°C. To test the requirement for 
histidine a small fragment from each colony was placed 
on to unsupplemented SS medium. This test was 
repeated twice. A total of 1952 colonies were 
collected and examined. Some culling of the mutants 
was necessary to discard auxotrophs which were also 
carrying morphological mutations causing poor growth
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and those mutants which grew to some extent on 
minimal medium.
A complementation test was then done to identify 
those auxotrophs which were his-3 alleles. The 
method used to test complementation is that described 
by Catcheside (1960). Tubes containing unsupplemented 
medium were inoculated with a drop of a conidial 
suspension of the mutant to be tested and of a non­
complementing his-3 allele (K1181) which was used as 
tester stock. Growth or the absence of it was 
recorded for four days. Controls were also set to 
show whether the mutant was leaky and to compare with 
the rate of growth on medium supplemented with 
histidine. Forty-six mutants were unable to 
complement K1181. A control test was then done to 
know whether the his-3 mutants obtained were 
compatible with other mutants with the Em a background 
since all testers were of this kind. This was done 
by setting up a complementation test with his-1, 
his-2, his-5, his-6 and his-7 mutants. Five of the 
new histidine auxotrophs showed some degree of 
incompatibility and were discarded. The remaining 41 
mutants were subjected to further test to classify 
them into the his-3 complementation groups of which
eleven were known (Catcheside, 1964).
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2.5 Unordered tetrad analysis.
Unordered asci were collected when necessary 
(see Chapter 7) following the procedure first 
described for Neurospora by Strickland (1960) and 
then modified by Perkins (1966b). The protoperithecial 
parent used was fl^A donated by Dr. D. Newmeyer.
This stock was selected because of the lack of aerial 
hyphae. The cross was set on Petri dishes containing 
35 ml of Westergaard solid crossing medium. After 
incubation in the dark at 25°C, the protoperithecial 
parent was fertilised* and re-incubated in the dark 
at 25°C. Ejected groups of eight ascospores were 
collected on to 4% agar surfaces placed 1 to 2 mm 
away from the ostioles. These collecting plates 
were changed at intervals varying between 10 and 1 
minute. Each cross was repeated several times.
Only groups of eight spores lying very close together 
were considered.
2.6 Statistical Methods.
Homogeneity of prototroph frequencies from
2different assays were compared by means of x tests.
A similar comparison was applied to replicates of 
the four classes of flanking markers amongst 
prototrophs. In either case assays were judged to 
be homogeneous if the probability was greater than 
1 per cent. When necessary, data from consecutive
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assays were pooled to avoid expectations in any class
being lower than five. Heterogeneity of results from
different crosses was also gauged in this manner.
5Prototroph frequencies per 10 were calculated
5 0Aaccording to the formula f= ——  where A is the
total of prototrophs on the five selective A plates,
C the total of colonies on the two unselective C
plates and 50 the conversion factor if the dilution
is 800 fold (1054- = 50).
Both A and C are small samples of much larger
populations and as such can be considered to have
Poisson distributions, hence their variances are
equal to their means. The standard error of
individual estimates of prototroph frequencies was
calculated using the formula 50A
C
This formula is derived from the fact that the 
standard errors of A and C are equal respectively 
to and to T'C and that the standard error of
a ratio can be calculated from the coefficient of 
variation of the nominator and denominator.
Similarly, the standard error of a ratio of two 
prototroph frequencies can be calculated from the 
formula =|/(^ -) 2 + 2 x R where P and p are
the two prototroph frequencies and S and s their
Pstandard errors and R is equal to — .
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CHAPTER 3 
GENETICS OF rec-w
3.1 Introduction.
rec-w was discovered in the course of 
experiments designed to test the effect of rec-l+ 
on allelic recombination at the his-3 locus 
(Catcheside and Austin, 1969). So far rec-l+ appears 
to be specific for his-1 and its locus is between the 
adenine-7 and asparagine loci in linkage group V 
(Catcheside and Austin, 1969). Recombination at any 
histidine locus cannot be examined in the presence of 
another histidine mutant. Therefore, to determine 
whether rec-l+ has any effect on his-3, an inos 
rec-l+ asp stock was crossed to several different 
his-3 mutants and resulting his-3, inos rec-l+ asp 
progeny were crossed to each of a rec-1 cot and a 
rec-l+ cot stock and his-3 stocks lacking inos and 
asp were selected. Thus his-3 rec-1 and his-3 
rec-1+ stocks were obtained (see Appendix 1). The 
constitution of the rec-1+ stocks was quite certain 
and the rec-1 almost so, since an error in the 
latter would have required a double crossover in the 
inos asp region. If rec-l+ had an effect on allelic 
recombination between different his-3 mutants, all 
crosses of his-3 rec-1 x his-3jr rec-1 would yield
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prototroph frequencies higher than those expected in 
the presence of rec-l+. The data in TABLE 5 show 
that rec-l+ does not affect the frequency of his-3+ 
prototrophs. In fact, in all tested combinations of 
mutant alleles prototroph frequencies are independent 
of the rec-1 constitution of the parents. These 
experiments however gave evidence for yet another 
factor controlling recombination. Some crosses 
involving the same pair of allelic mutants yeld 
prototroph frequencies lower than others and this was 
independent of the presence of rec-l+. In TABLE 5 in 
each of the sets of crosses K874 x K504 and K874 x K26, 
one cross shows a much lower prototroph frequency.
This appeared to be due to one particular stock of 
K874, namely DGC 7455. In order to test whether the 
difference in DGC 7455 was due to a gene, progeny of 
the cross of DGC 7455 a K874 ad-3 to
DGC 7441 A arg-1 K26 were examined further, since all 
other crosses involving the latter had yeld high 
prototroph frequencies (see TABLE 5). K26 and K874
progeny were isolated and crossed to suitable tester 
stocks. The results of this experiment, summarised 
in TABLE 6, show that, like the other known 
recombination genes, a dominant gene is responsible
for the low prototroph frequencies and that
2
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TABLE 6
Evidence that recombination at the- his-3 locus is 
controlled by a gene segregating independently from 
his-3. The tester stocks DGC 7441 and DGC 7445 
were chosen because allelic crosses involving 
these stocks yeld high prototroph frequencies.
Cross: DGC 7455a K874 ad-3 low prototroph frequency
x
DGC 7441A arg-1 K26 high prototroph frequency
Prototroph frequency
Progeny Tester stocks Low High
K87 4 DGC 74 41A arg-1 K26 7 13
K 26 DGC 7445a K504 ad-3 2 3
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test for independent segregation gives a value of
1.95 which is not significant for 95% probability.
This recombination gene is symbolised as rec-wT
(Catcheside and Austin, 1969); its relationship to
rec-4+ (Jha, 1967) is discussed in paragraph 3.4.
As it is shown in TABLE 5 and by further tests
(summarised in TABLE 7) if the mutant K26 is
involved in the cross, the rec-w ratio is
rec-w+
consistently greater by a factor of five or more 
(Catcheside and Austin, 1969). This greater 
sensitivity to the absence of rec-w+ shown by 
K26 crosses is considered in detail in Chapter 4.
3.2 rec-w constitution of some wild type stocks.
It has been established that Em a,the wild 
type stock from which most of the mutants were 
obtained, has the rec-w constitution (Catcheside, 
1968) .
Since the wild type Em A and the cot-1 stock 
DGC 3820A were commonly used in the construction of 
his-3 stocks, it seemed desirable to ascertain 
their constitutions with respect to rec-w. The 
constitutions of the wild types St. Lawrence 74A 
and Chilton a were determined for comparison with 
their constitution with respect to rec-4 which also 
affects recombination at the his-3 locus (Jha, 1967).
The same test was also done for the four prototrophic
TABLE 7
Prototroph frequencies from rec-w and rec-w+ 
crosses. When K26 is one of the parents the 
rec-w/rec-w+ are consistently higher.
Prototrophs per Ratio
Alleles Crossed 10~* spores
rec-w +rec-w rec-w/rec-w
K50 4 X K87 4 18.6 4.1 4.5
K43 4 X K87 4 3.9 1.2 3.2
K 26 X K87 4 19.3 0.5 38.7
K50 4 X K 26 132.9 4.3 30.3
K201 X K 26 175.9 3.7 47.0
K474 X K 26 60.1 2.2 27.3
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isolates, derived from Y8743, from which the new 
his-3 mutants were obtained. The design of the 
experiments was also suitable for examining 
segregation of the recombination factor and to 
test its linkage to the mating type locus. Each 
wild type stock was crossed to an arg-1 K26; rec-w 
stock and an arg-1 K26; rec-w+ one. Progeny 
carrying arg-1 K26 and of each mating type, were 
isolated from these crosses and crossed to 
K504 ad-3; rec-w tester stocks. Most progeny tested 
had the same mating type as the arg-1 K26 parent.
TABLE 8 lists the stocks used and the inferred 
constitutions of the wild types tested.
Evidence of the segregation of rec-w and of 
absence of linkage between the recombination factor 
and mating type is given in TABLE 9. Because his-3 
is linked to mating type there is a distortion of 
the segregation. This can be allowed for in the 
linkage calculations by using a product ratio method 
which eliminates the effect of the apparent difference 
in viability. Progeny from crosses in which the 
parents differed for both mating type and rec-w were 
classified as parental and recombinant (see TABLE 9, 
in which the first and third columns of data are 
those progeny which have the same mating type as the 
his-3 parent in the cross). The recombination
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TABLE 9
Segregation of rec-w with respect to the mating type 
locus. The data were obtained from the experiments 
to test the rec-w constitution of wild type stocks 
(See TABLE 8). The segregation of mating type is 
distorted by its linkage to his-3, the mutant allele 
being selected for in each cross. This has been 
allowed for in the calculations.
Progeny
Parental RecombinantConstitution of the cross
x a his-3 rec-wA + rec-w
x A his-3 rec-wa + rec-w
x a his-3 rec-wA + rec-w
x A his-3 rec-wa + rec-w
36 10 25 12
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value between mating type and rec-w- was calculated 
as follows:
Progeny
parental recombinant (as in
TABLE 9)
(1-p) (1-p) P __p
2 2 2 2
Recomb, m.t./rec-w = p = 7/12x25 = 0.9129; p = 0.477
1-p j/ 10x36
These experiments also allowed assessment of the 
variability in the expression of both rec-w and rec-w+. 
The prototroph frequencies from all the crosses are 
listed in TABLE 1 of Appendix 2. The two weighted 
means are 112.3 + 0.71 prototrophs per 10^ viable 
spores in rec-w crosses and 6.07 + 0.14 for rec-w+.
The ratio of these two values is 18.5 + 0.14. The 
distribution of prototroph frequencies for both rec-w 
and rec-w+ is shown in FIGURE 4 on a logarithmic 
scale. The logarithmic values have been divided in 
groups according to whether the isolates were test 
crossed to DGC 7445a or DGC 7444A. Since these two 
testers were also used in the course of experiments 
to locate rec-w, data from these experiments are also 
incorporated in the diagram.
Despite considerable variation in both the 
expression of rec-w and of rec-w+. the distributions
are clearly discontinuous. The causes of the
FIGURE 4
Distribution of prototroph frequencies in the 
presence and absence of rec-w+ . The crosses 
indicated by cross-hatching are those of K26 
progeny to DGC 7444 A K504 ad-3; rec-w.
The other stocks were crossed to
DGC 7445 a K504 ad-3; rec-w.
FI GURE 4
rec-w + r e c - u
L o g  |0  p ro + o tro p fi ' f r e q u e n c i e s  p * r  10
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variability are several. Besides physiological 
factors and chance variations, it is probable that, 
as Catcheside (1968) and Thomas (1969) have 
observed, there are some modifying genetic factors 
of relatively small effect. To attempt to isolate 
and study these genetic factors individually is not 
readily practicable because, as their effect is 
small, it is often masked by other causes of 
variation.
3.3 Location of rec-w
In order to find to which linkage group rec-w 
belongs, mutant markers of known rec-w 
constitution were used for each group. These were 
try-3 (GII) , try-1 (GUI), try-4 (GIV) , ad-7 (GV) , 
try-2 (GVI) and nt (GVIII). Because all the 
mutants chosen were obtained from Em a, they were 
expected to be rec-w. This was confirmed by the 
segregation of rec-w in crosses to a known rec-w+ 
stock. Each mutant stock was crossed to 
DGC 3300 A arg-1 K26; rec-w+ and two types of 
progeny isolated from the crosses: a parental 
type A arg-1 K26 and recombinants A arg-1 K26;marker. 
All the isolates were then crossed to DGC 7445 
DGC 7445a K504 ad-3; rec-w, to classify them as 
rec-w or rec-w+. Data for crosses to 
try-4, try-2 and nt were provided by
D.G. Catcheside and B. Austin and for these three tests
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recombinant progeny carrying K26 and the other mutant 
were not isolated.
The results of all the linkage tests are shown 
in TABLE 10. The only firm indication of linkage is 
to ad-7 with which rec-w appears to be loosely linked. 
It is not known whether rec-w is proximal or distal 
to ad-7 but some data suggest that the order is rec-w 
ad-7. This conclusion is based on the rec-w 
constitution of stocks prepared to test the effect of 
rec-l+ on recombination in his-3 (see TABLE 11). The 
stocks DGC 3820 A; rec-1; cot-1 and
DGC 5911 A rec-l+ ; cot-1 have been shown to be rec-w.
Each of these two stocks was crossed to 
his-3; inos asp stocks which were probably rec-w+ 
since one of the progeny obtained was shown to be 
rec-w+ and the inos asp stock used in these pedigrees 
was rec-w+ . Twenty-one out of 22 of the progeny 
examined are rec-w.
These data suggest that rec-w is closely linked 
to the inos asp region which is at least 37 
centimorgans (Catcheside and Austin, 1969) in length. 
The frequency of recombination between inos and asp 
is about 29%. The locus of ad-7 is between inos and 
asp, relatively nearer to asp and dividing the
interval into lengths of 24 and 13 centimorgans.
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TABLE 11
Data showing probable linkage of rec-w to inos (G V)
Cross + rec-w + +
x
I ; I I \
his-3 rec-w inos asp
his-3
allele
his-3 + + progeny
+rec-w rec-w
K 504 3 0
K 504 4 0
K 26 4 0
K 874 3 1
K 434 3 0
K1201 4 0
TOTALS 21 1
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Since rec-w shows 30% recombination with ad-7, it 
is unlikely that it could be in the inos asp segment, 
nor that it could be distal to asp. Thus it is more 
probable that the rec-w locus is proximal to inos 
and in the general neighbourhood of am-1 and his-1.
A direct test of close linkage to am-1 or inos has 
not yet been completed, because the linkage to ad-7 
was found too recently. It happened that linkage 
was disclosed in the last linkage group examined.
The locus of rec-2 (Smith, 1966) is known to be in 
the same region, there being a report of close 
linkage to am-1. The possibility that rec-2 and 
rec-w may be the same gene is being examined.
3.4 Relationship of rec-w to rec-4
Jha (1967) also found that recombination at 
the his-3 locus was genetically controlled. The 
dominant gene rec-4+ represses prototroph 
frequencies by a factor of about 3. The 
specification of rec-4 is based primarily on stocks 
of K474 and K492. Two stocks of A arg-1 K492 are 
respectively rec-4 4 (DGC 3437) and rec-4 (DGC 3439) , 
while the following stocks are a his—3 ad-3 rec-4: 
K474 (DGC 3881) , K874 (DGC 3233) , K458 (DGC 3241) 
and K504 (DGC 4388). Emerson a was shown to carry 
rec-4, while Emerson A and St. Lawrence 74A carry
40
rec-4+ (Jha, 1967). In the case of rec-w, the
diagnosis is based on quite different stocks.
However, in a number of cases it has been possible
to show that stocks known to be1 rec-4 are also
rec-w, while others known to be rec-4+ are also
rec-w+ (see TABLE 12). There is thus a strong
presumption that the two genes rec-w and rec-4 are
the same. Ideally, more elaborate analyses of
crosses of DGC 3881 with DGC 3437 and DGC 3439 are
desirable, but unfortunately several of these stocks
are now too infertile. The effects on distribution
of the flanking markers (see CHAPTER 6) are also
essentially similar, though the data for rec-4+
versus rec-4 are rather limited in extent. Not
only were rec-4 and rec-w originally diagnosed by
different his-3 stocks but Jha’s experiments did
not include K26, so he failed to observe the very
high -----ratios characteristic of crossesrec-w+
involving K26 stocks. Unfortunately the location 
of rec-4 as such is not known, the only data 
(Jha, 1967) in this respect being that rec-4 is 
linked neither to mating type (linkage group I)
nor to cot-1 (linkage group IV).
TABLE 12
List of stocks whose rec-4 and rec-w constitutions 
are both known.
Stock rec-w/rec- 4 constitutions
Emerson a rec-w rec- 4
Emerson A +rec-w „ +rec-4
St. Lawrence 74 A +rec-w . +rec-4
Chilton a +rec-w „ +rec-4
DGC 2931 cot-1 rec-w+ „ +rec- 4
DGC 3881a K474 ad-3; cot-1 rec-w rec- 4
DGC 4388a K50 4 ad-3; cot-1 rec-w rec-4
DGC 3705a K504 ad-3; cot-1 rec-w rec-4
DGC 4387a K504 ad-3; cot-1 rec-w rec-4
DGC 3233a K874 ad-3; cot-1 rec-w rec-4
DGC 3241a K45 8 ad-3; cot-1 rec-w rec-4
DGC 3437A arg-1 K492; cot-1 +rec-w . +rec-4
DGC 3439A arg-1 K492; cot-1 rec-w rec-4
DGC 4410A arg-1 K504; cot-1 +rec-w . 4-rec-4
DGC 3890a arg-1 K474; cot-1 rec-w rec-4
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CHAPTER 4
THE SENSITIVITY FACTOR IN K26
4.1 Introduction
As mentioned in the previous chapter, in the 
presence of K26, rec-w has a much greater effect 
in increasing prototroph frequencies. This greater 
sensitivity to rec-w is not readily separable from 
K26. As described in Chapter 3, the location of 
rec-w and the tests for the rec-w constitution of 
wild type stocks (see Chapter 3) was accomplished by 
crossing K26 to a number of tester stocks all of 
which had Emerson a ancestry. The resultant K26 
progeny crossed to K504 rec-w allowed not only 
classification for rec-w versus rec-w+, but also 
whether the K26 rec-w progeny retained, or not, the 
high sensitivity. All of the 166 K26 rec-w progeny 
examined in fact did retain the sensitivity factor 
(see FIGURE 4 and TABLE 1 of Appendix 2). This 
suggests that the sensitivity factor is close to K26 
and within a map distance of 1.79 centimorgans, if 
distal to his-3,with 95% probability.
The results could be explained by either of 
two hypotheses. One is that the his-3 gene from
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which K26 arose might differ from Ema by a factor 
involved in the control of recombination at the 
his-3 locus. This factor might be inseparable from 
the his-3 locus or be very closely linked to it. On 
the other hand the difference in response to rec-w 
might be due to the K26 mutation itself. One way of 
testing these hypotheses was to obtain several his-3 
mutants from Y8743, the wild type stock from which 
K26 was induced (see, Appendix 1) and to examine 
their behaviour in allelic crosses.
4.2 Behaviour of mutants derived from Y8743.
The 41 his-3 mutants derived from Y8743 by the 
method described in Chapter 2, were first classified 
into complementation groups. When the test was made 
it was known that his-3 mutants could be classified 
into 11 complementation groups (Catcheside, I960, 
1964). Another group was found in the' course of this 
research and it will be described and discussed in 
Chapter 5. Not all the known heterocaryon groups 
were represented among the his-3 mutants tested, 66% 
of the mutant alleles having no properties of allelic 
complementation. The mutants selected for a 
preliminary investigation of their behaviour in 
allelic crosses are listed in TABLE 13 together with 
their complementation groups. They were chosen to
TABLE 13
his-3 mutants selected for an investigation of
their behaviour in allelic crosses.
Mutant Complementation group
TM 428 XII
TM 429 I
TM 500 IX
TM 501 IX
TM 502 IX
TM 50 3 VII
TM 50 4 VII
TM 505 VII
TM 50 6 VII
TM 50 7 I
TM 521 XII
TM 522 I
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cover mutants with a range of properties, hopefully 
well distributed through the map of the locus but 
such as would not complement K26 or K874. It was 
found that with one exception (TM 429) to be 
considered below, all the mutants show high levels 
of prototrophic recombination in crosses to mutants 
derived from Em a. The rec-w/rec-w+ ratios obtained 
from these preliminary crosses are reported in 
TABLE 14. All the values are much greater than 
those encountered in crosses between his-3 mutants 
from Em a and are similar in value to those 
obtained from crosses involving K26. The only 
exception is TM 429 whose low rec-w/rec-w* ratios 
are due to the presence of a reciprocal trans­
location (see Chapter 7).
On the basis of the results shown in TABLE 14, 
the hypothesis of allele specificity was discarded 
and it was concluded that the factor by which Y8743 
differs from Em a is closely linked to or in the 
his-3 locus, its effect being to increase allelic 
recombination in the absence of rec-w+.
4.3 Separation of the sensitivity factor from
the his-3 locus.
It has been shown that the sensitivity factor 
is not part of the his-3 gene itself and can be
separated from it (Angel, Austin and Catcheside, 1970).
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From the cross:
a arg-1 K26 + +i______I t___ c__ _ _ j__ ; rec-w
— I------j — —---- — I-------- j----— j ; rec-w
A 4 -  + K874 ad-3
recombinants between arg-1 and his-3 and between
his-3 and ad-3 were selected. One hundred and
twenty A his-3 progeny were examined. The majority
(93) of these were K26 and all those which were
tested (32) showed the characteristic high ratio of
prototroph frequencies when crossed to K504 rec-w
and K504 rec-w+ . Twenty-seven of the isolates
examined were K874 , arising from recombination in
the ad-3 region. Of these, 19 were crossed to the
same tester stocks; 5 showed high rec-w/rec-w+
ratios, the other 14 showed low ratios. Thus the
sensitivity factor is separable from the his-3
locus and the map distance between these two loci
can be estimated indirectly. In the cross analysed,
the map distance between the arg-1 and ad-3 -loci
can be measured by selective plating on SGF
supplemented with histidine, counting the proportion
of arg-l+ ad-3+ recombinants and estimating the
population assayed. Two separate experiments gave
very good agreement, with 746 recombinants in 7240
and 205 recombinants in 2120 respectively. Since
the reciprocal recombinant was not observed, the
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recombination percentage between arg—1 and ad-3 is 
20.32 + 0.94. This interval is divided in the ratio 
of 93:27 by his-3, therefore the his-3 ad-3 interval 
is 0.225 + 0.049 of the arg-1 ad-3 region, or 
4.57 + 1.02 centimorgans. The locus of the 
sensitivity factor divides the his-3 ad-3 region in 
the ratio of 5:14, so that the- his-3/sensitivity 
factor interval is 0.357 + 0.186 of the his-3 ad-3 
region, or 1.63 + 0.92 centimorgans. Unfortunately, 
the map distance is not measured very precisely, due 
to the relatively small sample that could be 
analysed.
The sensitivity factor is conveniently referred 
to as a gene, for which the name recognition has 
been proposed (Angel, Austin and Catcheside, 1970) 
on the grounds that it is a segment of the 
chromosome at which some other factor concerned in 
recombination in the his-3 locus is recognised. The 
symbol cog is appropriate for the locus, the gene in 
Y8743 being cog+ and the gene in Em a being cog.
4.4 Interaction between the cog genes and.
the rec-w genes.
It was necessary to study in detail the 
behaviour of his-3 mutants of cog4 constitution in
allelic crosses. Since the mutants listed in
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TABLE 14 were too many for such a study, a group of 
seven alleles was chosen from their number using as 
a selective criterion the fact that their sites of 
allelic difference appeared to be in different parts 
of the his-3 locus.
These seven alleles, K26 cog+ and several 
others of cog constitution were used for an analysis 
of the action of cog+ and cog in the presence of 
rec-w or rec-w+ . Whenever possible the same alleles 
were used in crosses with and without rec-w+ . All 
the results of these crosses are reported in Appen­
dix 2 and are summarised in TABLE 15. In several 
cases more than one stock of the same allele was 
examined and all crosses were repeated at least 
twice. Prototrophic frequencies obtained from these 
crosses show a rather high variability, particularly 
when different stocks of the same allele were used.
The causes of this variability have been discussed 
in Chapter 3. The distributions of the rec-w/rec-w+ 
ratios expressed on a log scale are shown in FIGURE 5. 
Inhomogeneous sets of results are represented 
separately in this diagram. The cog and cog+
distributions are clearly discontinuous and allow
2unequivocal classification. The y test often 
indicated heterogeneity in the prototroph frequencies 
when different stocks of the same allele were used.
TABLE 15. Prototroph frequencies in the presence 
and absence of rec-w+ from crosses in which the 
cog constitution of the parents was cog x cog;
+  n +  +  , +cog x cog and cog x cog . In the cog x cog 
crosses the his-3 alleles carrying cog+ are 
listed on the left.
c o g  X c o g
r e c - -w r e c - w +  j
r e c - w / r e c - w +A C
P r o t . p e r  
1 0 5 A C
P r o t . p e r
1 0 5
K 5 0 4 x  K 4 7 4 4 4 5 1 5 8 4 1 4 +  0 . 7 1 0 0 1 3 6 6 3 . 7 + 0 . 4 3 . 8 + 0 . 4
K 5 0 4 x  K 4 5 8 3 0 2 1 2 4 5 1 2 +  0 . 8 2 0 3 2 7 5 8 3 . 7 + 0 . 3 3 . 3 + 0 . 3
K 5 0 4 x  K 4 8 0 5 4 5 2 2 0 4 1 2 +  0 . 6 2 1 0 1 6 1 5 6 . 5 + 0 . 5 1 . 9 + 0 . 2
K 8 7 4 x  K 4 9 2 8 1 4 9 7 7 4 2 +  2 . 0 4 3 7 2 2 3 1 9 . 8 + 0 . 5 4 . 2 + 0 . 3
K 8 7 4 x  K 4 8 0 8 7 6 4 3 5 1 1 0 +  0 . 4 5 3 5 8 6 3 8 3 . 1 + 0 . 1 3 . 2 + 0 . 2
+
c o g  x  c o g
TM428 x  K 5 0 4 3 3 9 7 2 5 8 9 6 1 +  1 . 3 4 5 4 4 5 5 . 1 + 0 . 8 1 3  + 2 . 0
TM428 x  K 8 7 4 2 4 7 1 2 3 4 3 5 3 +  1 . 5 1 4 2 3 4 6 2 2 . 0 + 0 . 2 2 6  + 2 . 2
TM428 x  K 1 2 0 1 7 0 9 4 5 2 7 9 6 7 +  1 . 2 3 9 0 5 7 3 7 3 . 4 + 0 . 2 2 0  + 1 . 1
TM522 x  K 5 0 4 6 3 0 8 7 5 3 6 +  1 . 9 4 2 1 7 8 9 1 . 2 + 0 . 2 3 1  + 5 . 0
TM522 x  K 8 7 4 2 6 3 7 1 2 9 9 1 0 1 +  3 . 4 3 0 4 2 7 6 0 5 . 5 + 0 . 3 1 8  + 1 . 3
TM522 x  K 4 5 8 7 2 2 7 4 9 4 8 +  2 . 5 6 5 1 1 1 4 2 . 9 + 0 . 4 1 6  + 2 . 3
TM521 x  K 5 0 4 5 9 3 0 2 4 2 6 1 2 2 +  2 . 7 1 0 2 7 4 1 6 . 9 + 0 . 7 1 8  + 1 . 9
TM521 x  K 8 7 4 8 3 7 1 9 0 2 2 2 +  0 . 9 1 1 2 5 2 5 5 1 . 1 + 0 . 1 0 2 0  + 2 . 6
TM501 x  K 5 0 4 1 2 8 6 2 6 0 2 4 7 + 1 7 9 9 5 4 1 9 . 1 + 1 . 0 2 7  + 3 . 5
TM501 x  K 8 7 4 5 8 8 4 2 8 6 9 +  4 . 1 2 8 5 0 8 2 . 8 + 0 . 5 2 4  + 4 . 9
TM502 x  K 5 0 4 3 5 2 8 1 5 9 6 1 1 0 +  3 . 3 4 0 8 2 9 9 0 8 . 5 + 0 . 4 1 3  + 0 . 8
TM502 x  K 8 7 4 2 9 8 7 2 6 8 6 5 6 + 1 . 4 2 2 7 4 7 4 9 2 . 4 4 0 . 2 2 3  + 2 . 0
TM504 x  K 5 0 4 1 2 9 3 5 1 8 0 6 3 5 8 +  9 . 0 7 5 0 3 9 7 9 9 . 4 + 0 . 4 3 8  + 2 . 4
TM504 x  K 8 7 4 2 9 3 9 3 5 1 7 4 2 +  1 . 0 1 3 9 4 2 8 8 1 . 6 + 0 . 1 26  + 2 . 2
+ +
c o g  X c o g
K 26 x  TM428 4 8 4 6 7 1 3 6 +  2 . 1 37 2 3 5 0 0 . 8 + 0 . 1 4 6  + 7 . 8
K 26 x  TM502 2 2 3 8 1 3 3 5 8 4 +  2 . 9 1 7 7 2 9 8 3 3 . 0 + 0 . 2 2 8  + 2 . 4
K 26 x  TM504 3 3 6 0 9 7 4 1 7 2 +  6 . 2 2 9 4 3 0 8 1 4 . 8 + 0 . 3 3 6  + 2 . 6
TM428 x  TM504 1 9 8 7 6 7 0 1 4 8 +  6 . 7 3 8 1 2 0 3 4 9 . 4 + 0 . 5 1 6  + 1 . 1
TM502 X TM504 6 1 0 9 3 6 2 3 +  1 . 7 2 2 5 8 4 1 . 9 + 0 . 4 1 7  + 3 . 9
TABLE 15
FIGURE 5
+Distribution in log^Q scale of rec-w/rec-w 
ratios in the presence and absence of cog+ ,
The symbols are as follows:
+ - + + • cog x cog, o cog x cog and A cog x cog
crosses.
FIGURE 5
• £-2gx cog 
+
O & O g x  COg
<4 SLog+x t o |  +
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The classifications were nevertheless judged to be 
valid if the distribution of rec-w/rec-w+ and 
cog+/cog did not overlap when expressed on a log 
scale. The lowest rec-w/rec-w+ ratio in the 
presence of cog+ was 12.01 + 1.89 and was obtained 
only once from an arg-1 TM428 cog+ x K504 cog ad-3 
cross. The highest ratio from crosses between 
alleles of cog constitution was 4.2 + 0.20.
cog+ x cog+ combinations show a general 
tendency to ratios higher than those obtained from 
cog+ x cog crosses. However, the two distributions 
do overlap and it is possible that the higher 
average ratios obtained from cog+ x cog+ crosses 
are due to the particular stocks used. The 
phenotypes derived in the various combinations of 
cog+/cog and rec-w/rec-w+ are shown in TABLE 16. 
These phenotypes are inferred from three types of 
crosses: Em a mutant x Em a mutant;
Em a mutant x Y8743 mutant;
Y8743 mutant x Y8743 mutant as shown in TABLE 15.
On the basis of the results shown in TABLE 16 
it must be inferred that cog+ is dominant and 
rec-w+ is epistatic to it. The fact that the 
cog+ x cog and cog'1' x cog+ distributions (see 
FIGURE 5) overlap seems to indicate that dominance
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of cog+ is nearly complete. On the other hand 
only coincidence of the two distributions would 
clearly indicate that dominance is absolute.
Ideally, all the cog*/cog and rec-w/rec-w+ 
combinations shown in TABLE 16 ought to have been 
examined using one pair of mutant alleles. This 
was not possible but some of the combinations were 
available in two instances. The crosses 
K87 4 cog x K504 cog; K8 7 4 cog+ x K50 4 cog in the 
presence and absence of rec-w* are reported in 
Angel, Austin and Catcheside (1970). A recombinant 
in the his-3 cog* region was also found amongst 
stocks obtained from a cross between
a + TM522 cog*; rec-w and A arg-1 + cog ad-3; rec-w. 
The stock 596 which has a TM522 ad-3; rec-w 
constitution, when crossed to his-3 cog stocks 
showed low rec-w/rec-w+ ratios. The behaviour of 
the flanking markers was also examined (see Chapter 6) 
both in crosses with alleles of cog constitution and 
with his-3 cog* stocks. The distribution of the 
flanking markers was found to be that expected from 
his-3 cog x his-3jr cog and his-3 cog x his-S^ cog , 
thus confirming that the stock 596 was a recombinant 
in the his-3 cog* region. This stock was also crossed 
to the wild type Em A rec-w* and six progeny were 
obtained (see Appendix 1). The cog and rec-w
TABLE 16
+Phenotypes derived in the various combinations of cog /cog
and rec-w/rec-w . Evidence is given in TABLE 15.
+ +cog rec-w cog rec-w cog rec-w cog :
cog rec-w Intermediate Low High Low
+cog rec-w Low Low Low Low
+cog rec-w High Low High Low
+ + cog rec-w Low Low Low Low
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constitutions were determined for all the isolates
through test crosses and the results showed that at
least four had cog rec-w constitution. One of the
stocks was sterile in all crosses made and another
isolate, being rec-w+ , could not have its cog
constitution determined directly. An arg-1 TM522
stock also examined had the cog+ constitution.
TABLE 17 summarises the results obtained from these
crosses and allows a comparison between TM522 cog
and TM522 cog+ . All the results from the crosses
involving these stocks are shown in detail in
Appendix 2. The cog+/cog ratios obtained from
rec-w x rec-w crosses show that the effect of cog+
in increasing prototroph frequencies in the
absence of rec-w+ is a factor between 3 and 15.
The effect of rec-w+ on prototroph frequencies has
been shown (Angel, Austin and Catcheside, 1970) to
be epistatic to that of cog+ . The experiment
described in TABLE 17 allowed only one direct
comparison of cog+ and cog in the presence of rec-w+ .
The values obtained from the crosses involving 
+ + +rec-w cog and rec-w cog are not significantly
different.
o
f 
p
ro
to
tr
op
h
 
fr
eq
u
en
ci
es
 
ob
ta
in
ed
 b
y 
u
si
n
g
 
th
e 
a
ll
e
le
 
TM
52
2 
o
f 
co
g 
an
d 
co
g
cn
a)cncno
a
o  
•H 
i—I
a)
i—I 
i—I
e
•H
Ö 
O
d  *H
O  4-1cn d
•h  u
U -H
CCS 4-1
a .  cn
S  öo  o
u  o
+
Oo
6£
+
60Oo
cno
•H
4-1
CCS
Pi
60oo
+
60Q ± i +  1oo +  1
m
i 1
+  1V.O
CJ cn rH rH rH
vU
tH
S'
rH
v£>
? l
tH
S'
00 S'
±i Si +  1
CN
CN
+  1
CN
CN
+ + .
6COa
+
60Oa
o
CN
Ä 1
00 CN
rH
CT\ o
S '
rH
+  1 
ON
vO
m vO
+ i + »
LO
rH tH
o
r -H
M
CU&
cn
xi
oH
4-1
o
4-1
oH
PH
+ .
+
60OO
rH
a \
+  1
vO
CO
S'
m
N f
cn
A 1
o
i-H
+  1
00<1*
+ .
6flOO
6COO
S'
o
tH
S' +1
tH
CN
+  1 cr>
CN
rH
+  1
oo
i—I
cn
CJ
i—I<u
rH  
1—I 
<
t sa)cncn
oua
om
CN
CNm
'3-
oo
X
CN
CN
in
£H
00m
NT
CN
CNm
CN 00
CN CNm  < t
CN
CNm
aHX
r —I
CNm
2H
50
4.5 Effect of cog^ on crossing-over between non 
allelic loci.
The his-3/ad-3 segment is commonly stated to be 
one map unit, but recombination frequencies are known 
to vary in different stocks. Crosses between 
his-3 mutants of cog* constitution and the stock 
DGC 3369 A arg-1 + cog ad-3; rec-w were made in order 
to isolate stocks of constitution
arg-1 his-3 cog+ + ; rec-w and + his-3 cog+ ad-3; rec-w. 
In the course of selecting these stocks some data on 
linkage values were collected. Spores were plated on 
SGF + histidine + arginine and colonies were tested 
on SS + histidine and SS + arginine to identify the 
arg-1 his-3 stocks. For isolates of his-3 ad-3 
constitution, the spores were plated on 
SGF + histidine + adenine and the colonies tested on
SS + histidine and SS + adenine plates. The results
2
of this experiment are summarised in TABLE 18. A x  
test for homogeneity was done only for the 
recombinants in the arg-l/his-3 region. The value 
obtained being 9.5, it indicates homogeneity with a 
probability of 0.10 - 0.05 for 5 degrees of freedom. 
The same test was not done on the other classes 
because of expectations lower than 5. The mean 
values of recombination expressed in percentage for 
the arg-1 his-3 ad-3 region are reported in TABLE 19.
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TABLE 19
Mean values of recombination from TABLE 17.
% confidence limits
Mean value of recombination lower upper
Recombinant
Class
arg-1 his-3 9.5 + 1.10 7.54 11.97
his-3 ad-3 4.06 + 0.64 2.81 5.31
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These data are consistent with those obtained 
from the experiment which demonstrates and locates 
cogf and with subsequent experiments specifically 
designed to measure linkage in the arg-l-his--3-ad-3 
region.
Evidence that cog+ affects also the frequency 
of non allelic recombination in the absence of 
rec-w+ was found. Stocks of A K874 cog+ ad-3; rec-w,
A K874 cog ad-3; rec-w were saved from the 
experiment described in section 4.3. Stocks of 
a cog ad-3; rec-w and a cog ad-3; rec-w+ were 
prepared by selecting ad-3 progeny from the following 
crosses:
a K874 cog ad-3; rec-w+ x A arg-1 K504 cog; rec-w+ 
and a K874 cog ad-3; rec-w x A arg-1 K504 cog; rec-w. 
Four sets of crosses were prepared and analysed for 
recombination between his-3 (K874) and ad-3 A by 
selective plating. The following recombination 
values were obtained:
K874 cog; rec-w K874 cog+; rec-w 
cog ad-3A; rec-w 1.66+0.05 4.93+0.19
cog ad-3A; rec-w+ 1.59 + 0.05 1.76 +_ 0.0 6
In the presence of cog+ and absence of rec-w+, 
recombination in the his-3/ad-3 region is greater 
by a factor larger than 3. The locus of cog+
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divides the his-3/ad-3 region in two sections:
his-3 cog* which is 1.3 + 0.5 units and cog* ad-3
equal to 3.63 + 0.52 (Angel, Austin and Catcheside,
1970). In the absence of cog* or in the presence of
rec-w* the his-3 ad-3 segment is 1.7 units. It
seems likely that in the absence of rec-w*, the
effect of cog* on recombination in the his-3/ad-3
+ +region concerns both the his-3 cog and cog ad-3 
segments. At present however this is not established 
nor is it known whether the effect of cog* is unequal 
in the two regions.
The rec-w cog* system, which is the first known 
to control both non allelic and allelic recombination, 
gives evidence that since gene conversion and non 
allelic recombination are controlled by the same 
genes, they are different aspects of the same 
phenomenon and that they occur essentially with the 
same mechanism. Support of this conclusion is 
given in yeast (Hurst, Fogel and Mortimer, 1970) 
where 50% of the gene conversion observed in tetrad 
analysis was accompanied by recombination of the 
closely linked outside markers. Likewise, Stadler 
and Towe (1968) who studied recombination in 
Neurospora between the two closely linked loci 
cys-1 and cys-2 found that 57% of the prototrophic
recombinants carried the outside markers in
53
parental combinations. If the cys + prototrophs 
were due to crossing-over, the great majority of 
them would show recombination of the flanking 
markers. On the other hand Giles, de Serres and 
Barbour (1957) in crosses between ad-3A and ad-3B 
found that in tetrads carrying recombinants, all 
recombination was reciprocal and accompanied by 
recombination of the flanking markers; in this 
case no conversion is observed.
54
CHAPTER 5
FINE STRUCTURE MAP OF THE his-3 LOCUS
5.1 The his-3 locus.
The his-3 mutants in Neurospora differ from all 
other known histidine mutants in that according to 
their biochemical characteristics they can be 
classified into three broad groups (Haas, Mitchell,
Ames and Mitchell, 1952; Mathieson and Catcheside,
1955; Ames, 1957; Catcheside, 1960; Webber and 
Case, 1960; Webber, 1960; Ahmed, Case and Giles,
1964; Catcheside, 1965). These three groups were 
defined as follows: 1) mutants which lack the 
enzyme histidinol dehydrogenase and accumulate 
histidinol; 2) mutants which contain histidinol 
dehydrogenase and do not accumulate any 
imidazole precursor of histidine; 3) mutants which 
lack histidinol dehydrogenase but do not 
accumulate histidinol.
Ahmed, Case and Giles (1964) determined which 
steps of histidine biosynthesis are controlled in 
Neurospora by the histidine-3 locus. They found 
that the locus controls steps 2 and 3 which concern 
the conversion of 5  ^phosphoribosy1-1-pyrophosphate 
to 5-amino-l (5^  phosphoribosyl) -4-imidazolecarboxamide 
and are catalysed by
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N-l- (51 phosphoribosy1-ATP) pyrophosphohydrolase 
(PRATP pyrophosphohydrolase) and
N-l- (5^  phosphoribosyl) AMP 1-6 cyclohydrolase 
(PRAMP cyclohydrolase). The his-3 locus also 
controls step 10, the conversion of L-histidinol to 
L-histidine, which is catalysed by the enzyme 
histidinol dehydrogenase. Group (1) mutants lack 
only step 10, group (2) lack either or both of steps 
2 and 3, while group (3) presumably lack all three.
The experiment above (Ahmed, Case and Giles, 
1964) was carried out by mixing extracts of 
Salmonella typhimurium, for which the early steps 
of histidine biosynthesis were known, with 
extracts of Neurospora. By these means the 
authors were able to distinguish between mutants 
defective in the early steps and mutants lacking 
histidinol dehydrogenase.
FIGURES 6 and 7 show complementation maps of 
the locus according respectively to Catcheside 
(1960; 1965) and Ahmed, Case and Giles (1964). In 
the maps in FIGURE 7 several of the groups 
represented separately are really the same, 
differing only by degrees of complementation. The 
authors in fact distinguish between mutants which 
complemented strongly and mutants whose 
complementation was weak. Disregarding the
FIGURE 6
Complementation map according to Catcheside 
(1960; 1965) and genetic map as was known 
before the effect of recombination genes at 
the his-3 locus was studied. Alleles are 
indicated only by the corresponding letter 
of their complementation group.
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FIGURE 7
Complementation and genetic map of the his-3 locus 
according to Ahmed, Case and Giles (1964). In the 
genetic map alleles are indicated only by their 
complementation group number, the position of their 
sites is only approximate. The map also is 
divided into the three structural genes and the 
corresponding byosinthesis steps according to the 
authors. The first segment of the map to the left 
shows above the line the sites of non-complementing
alleles.
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strength of complementation, the groups which are 
the same are 4 and 6; 5, 7 and 8; 9 and 10;
13 and 14. Comparison with the complementation 
map of Catcheside (1964) shows correspondence between 
the following 1 = A, Z = B, 3 + E, 4 and 6 + C,
5, 6 and 8 = F, 9 and 10 = G, 11 = H, 12 = J 
13 and 14 = K. Thus D and I are further groups 
not recognised in the map drawn by Ahmed, Case and 
Giles.
When the new his-3 mutants (see Chapter 2) 
were tested for complementation properties, two 
mutants TM521 and TM428 were found to complement 
mutants in the groups which are indicated as 
B and E in FIGURE 6. This new complementation 
group is indicated in FIGURE 8 with the numeral 
XII. The discovery of this group makes necessary 
for groups D and E to exchange positions and also 
reduces the number of possible configurations to 
4, since the order of groups VIII and IX;
X and XI is still uncertain.
The results of allelic crosses suggested to 
Ahmed, Case and Giles (1964) that mutants lacking 
PRATP pyrophosphohydrolase and those deficient 
for PRAMP cyclohydrolase were due to changes in 
discrete parts of the his-3 locus. Similar
conclusions were reached for mutants lacking
FIGURE 8
Complementation and genetic map of the his-3 locus 
based on the results described in the text. The 
complementation map shows the new complementation 
group XII, group D of Catcheside's map is indicated 
by V, group E by IV. The genetic map shows the 
sites of difference of the alleles used for this 
research. Sites whose position could not be 
exactly determined respect neighbouring sites are 
indicated above or below the line. The arrows 
span the area of uncertainty. TM521 is distal to 
the site of TM428 and proximal to the site of 
K874. Its position respect K26 is not certain.
K474 is proximal to K26 and distal to K504, its 
position respect TM428 and/or K458 is not known. 
K959 is distal to TM522, its position respect 
K1201, K504 and K492 has not been tested. The 
position of K480 and TM501 respect one another 
and respect TM504 and TM502 also is not known.
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histidinol dehydrogenase (see FIGURE 7). Correlation 
with the genetic map of the his-3 locus showed that 
mutants which are defective for all the three 
enzymic functions or for PRAMP cyclohydrolase have 
their sites of allelic difference in the proximal 
part of the locus, the proximal end having been 
identified by Webber (1965b). This segment of the 
map is followed by sites of difference from normal 
of mutants defective for PRATP pyrophosphohydrolase. 
Mutants lacking only histidinol dehydrogenase map 
in the distal region of the locus. It was also 
found (Ahmed, Case and Giles, 1964) that mutants 
lacking only one of the three enzymic functions 
complement strongly with mutants which are 
defective for one or both of the remaining functions 
and that different mutants with the same enzymic 
deficiency complement weakly if at all. On the 
basis of the data summarised above Ahmed, Case and 
Giles (1964) and Giles (1965) concluded that the 
his-3 locus is analogous to an operon such as that 
described in bacteria by Jacob and Monod.
They suggested that the his-3 locus consists of 
three structural genes his-3 A, his-3 B and his-3 D; 
his-3 A specifies PRAMP cyclohydrolase, 
his-3 B PRATP pyrophosphohydrolase and
his-3 D specifies histidinol dehydrogenase. The
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three structural genes are transcribed into and 
translated by a single messenger RNA molecule. 
There is however as yet no evidence for an 
operator, nor for the separability of the enzymic 
functions on different proteins.
Mutants which have lost all three functions 
and appear to be located at the centre of the map 
were also found (Ahmed, Case and Giles, 1964).
To explain the existence of this group in the 
context of the "poly-cistronic messenger" 
hypothesis, the authors supposed that this region 
(his-3 C) specifies a polypeptide which is 
essential both for PRATP pyrophospohydrolase and 
for PRAMP cyclohydrolase. To explain the loss of 
histidinol dehydrogenase activity it was further 
assumed that the mutants in the 3 C region are 
polar mutants, so that the D region is not 
translated or is mis-translated. This implies 
transcription from the proximal end of the his-3 
locus.
If the his-3 locus actually consists of an
operon, the effects of some mutations at the 
locus must be polarised in the distal direction 
in the sense that if a mutation results in the 
loss of more than one function, the mutant loses 
those enzymic functions associated with the
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genetic region at the site of mutation and of 
regions distal to it.
Three types of mutational events may then 
account for the characteristics of the his-3 locus. 
Missense mutants would change only one amino-acid 
in the polypeptide specified by the structural 
gene in which they occur. Frame-shift and nonsense 
mutations would alter the translation of the 
structural gene in which they arise and of any 
structural gene translated subsequently in the same 
operation. A missense mutation in a proximal site 
of the locus would result only in the loss of 
PRATP pyrophosphohydrolase activity, while a frame- 
shift or a chain-terminating mutation in this 
region would result in the loss of all three 
activities. A missense, nonsense or frame-shift 
mutation at a distal site would cause only loss 
of the histidinol dehydrogenase activity.
Catcheside (1965) pointed out that although 
his complementation map (see FIGURE 6) showed some 
quality of polarisation of the mutants, this 
configuration of the map was only one of the 
sixteen possible representations. In particular, 
the pairs of groups B and C, D and G, E and F,
H and I, J and K could be inverted in order and 
the groups they complement could occupy different
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positions in the map.
The genetic map (FIGURE 6) obtained by 
Catcheside (1965) did not indicate that mutants 
lacking different enzymes occupied discrete parts 
of the locus. Catcheside however also pointed 
out that often genetic maps must be regarded as 
tentative since the data on which they are based 
can be subjected to genetic variations. The
operon hypothesis cannot be supported unless 
mutants lacking a particular enzymic function are 
all located together on the genetic map and 
separated from mutations resulting in the loss of 
other single functions. It also requires that all 
mutants belonging to groups A, B and G are caused 
by frame-shift or nonsense mutations. This is at 
least unlikely because of the number of mutants 
involved. In fact, out of a total of 165 mutants 
isolated from Emerson a and Y 8743, 104 would 
need to be frame-shift or chain termination 
mutations.
Catcheside (1965) suggested that the his-3+ 
gene determines the production of a single 
polypeptide which controls all three reactions.
Creaser, Bennett and Drysdale (1965) 
obtained direct evidence that the his-3 locus
does not specify three independent proteins,
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each with a distinct function. They found that 
mutants deficient in the two early steps contained 
histidinol dehydrogenase with altered kinetic 
properties. Partially purified histidinol 
dehydrogenase from mutants in complementation 
groups B , D and F had different kinetic properties 
from those of the wild type organism, Emerson a.
If the his-3 locus specified three independent 
enzymes, a mutation affecting one of the enzymes 
should have no qualitative effect on another. The 
same results were confirmed when the experiment 
was repeated with highly purified histidinol 
dehydrogenase (Creaser, Bennett and Drysdale, 1967).
Bennett and Creaser (1967) also found that 
the histidinol dehydrogenase from the mutant K445 
(complementation group F) contained a single amino 
acid replacement when compared with the wild type 
enzyme. Similar results were obtained when the 
mutant K26 (complementation group G) was examined. 
These results strongly suggest that histidinol 
dehydrogenase is specified by the entire his-3 
locus. This is still not conclusive evidence 
against the existence of an his-3 operon because 
the protein may consist of more than one 
polypeptide. Minson (1968) however obtained 
evidence that the protein with the properties of
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histidinol dehydrogenase also has the other two 
functions.
5.2 Fine structure map.
A genetic map of a given locus may be based 
on two criteria: prototroph frequencies and 
distribution of proximal and distal markers amongst 
prototrophs. The first makes use of the frequency 
of prototrophs from allelic crosses and is based 
on the assumption that if two alleles are crossed 
and each is also crossed to a third allele, the 
relative prototroph frequencies obtained from these 
crosses are additive. In Neurospora major 
differences in prototroph frequencies are 
controlled by recombination genes, while other 
genetic factors with small effects and physiological 
conditions also cause variability. As shown in 
FIGURE 4, both in the presence and absence of 
* rec-w+ , prototroph frequencies, obtained by crossing 
a number of K26 isolates to 4 stocks of K504, vary 
but show an approximately normal distribution. 
Similar conclusions were reached by Thomas (1969), 
Smyth (1970) and by a number of other workers (see 
review in Whitehouse and Hastings, 1965). As it 
has been shown in Chapter 4, prototroph frequencies 
at the his-3 locus are not only dependent on the
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presence or absence of rec-w+, but also whether 
cog+ is present in the cross. For the map of the 
his-3 locus presented in this chapter, prototroph 
frequencies have been taken into account only as an 
indication of the relative distances apart of two 
allelic differences. It is assumed that crosses 
involving alleles whose sites are far apart yield 
high prototroph frequencies, low yields being 
obtained from allelic differences lying close 
together.
The second criterion, the distribution of 
markers amongst prototrophs, is based on 
inequalities between the four classes and uses 
empirical rules. Smyth (1970) pointed out that 
the rules used for ordering are dependent on the 
hypothesis of the origin of prototrophs and that 
studies on allelic recombination in tetrads show 
that they arise more often from conversion than 
from crossing over. Sites of allelic difference 
at the his-3 locus were ordered on criteria based 
on the principles stated by Catcheside (1966b; 
1968). He showed (see Chapter 1, Section 1.4) 
that the recombinant class pD is larger than Pd 
if hybrid DNA covers either or neither site of 
allelic difference. If both sites are covered 
pD and Pd have equal frequency. The origin of
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the four classes of flanking markers combinations
according to this hypothesis is shown in TABLE 20.
The criteria on which sites can be ordered are
three: the first is that pD is always larger than
1 2Pd, so establishing the order as m m . The second
and third rules depend on the first and are based
on the inequality between the parental combinations
Thus, if p>P, m1 is the proximal allele. The order 
1 2m m is also identified by the inequality D>d.
Smith (1965) used all the three rules to order 
allelic differences at the his-5 locus and found 
them in good agreement in the majority of the cases 
The situation at the his-3 locus is different. The 
only criterion which can be applied universally is 
that based on such inequality of the recombinant 
classes as may exist.
The crosses which were mainly used to map the 
his-3 locus were crosses of rec-w cog+ x rec-w cog 
constitution. Data obtained from crosses of other 
rec-w or rec-w+ and cog or cog+ constitutions did 
not indicate an order of the sites different from 
that shown in FIGURE 8.
All crosses, except K874 x TM501 were
repeated at least twice. Homogeneity of data per
2cross was tested by means of a x test. All the
Table 21. Distribution of flanking markers amongst 
prototrophs. All the crosses have
rec-w cog+ x rec-w cog constitution. Data for the 
crosses between K26 and the alleles K1201, K504 
and K874 were collected by D.G. Catcheside. The 
proximal allele is indicated by the first half of 
the cross.
TABLE 21
Alleles
Crossed
Flanking markers 
distribution 
PD pd pD Pd x2
Degrees
of
freedom
TM 522 X K 504 25 8 31 12 0.8 3
TM 522 X K 474 54 45 87 27 1.6 3
TM 522 X K 458 150 73 219 78 2.8 6
TM 522 X K 874 183 73 253 90 8.4 9
TM 522 X K 26 91 259 269 100 14.7 15
TM 522 X TM42 8 34 80 97 29 1.4 3
TM 522 X TM5 21 77 138 204 60 9.0 9
TM 522 X TM5 0 4 42 70 99 29 7.5 3
K 1201 X TM42 8 161 368 468 83 28.4 15
K 504 X TM4 2 8 120 342 308 123 24.5 21
K 458 X TM428 71 166 186 101 14.8 12
K 474 X TM428 36 42 29 27 5.2 6
TM 428 X K 874 190 38 243 58 12.1 9
TM 428 X K 480 65 37 143 19 6.3 3
K 504 X TM5 21 60 151 192 77 4.8 9
K 458 X TM5 21 42 120 147 51 11.9 9
TM 521 X K 874 82 34 84 39 7.9 3
K 504 X TM5 01 29 113 179 62 10.4 6
K 874 X TM5 01 7 39 63 11
K 504 X TM5 0 4 43 183 316 74 14.7 12
K 874 X TM5 0 4 32 105 183 40 6.0 6
K 1201 X TM5 0 2 71 147 210 50 6.4 9
K 504 X TM5 0 2 93 198 256 62 5.7 12
K 474 X TM5 0 2 79 108 132 41 7.1 6
K 874 X TM5 0 2 95 152 280 72 7.8 12
K 1201 X K 26 28 73 64 27 5.0 9
K 504 X K 26 52 150 57 125 3.7 24
K 26 X K 874 122 40 146 27 9.1 6
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values obtained are not significant with 95% 
probability. In a few cases certain sets of data 
were discarded since they contained errors due to 
uncertainties in classification. These crosses 
(K458 x TM521; TM522 x TM428 and TM428 x K874) were 
repeated using the same stocks. As shown in 
FIGURE 8, whenever there is any uncertainty in the 
order, the sites of the alleles concerned are 
indicated only approximately. This is the case for 
K474 for which it is known that its position on the 
map is proximal to K26 (D.G. Catcheside, personal
communication) and distal to K504 (see Appendix 2, 
page XXXI). When K474 was crossed to TM428, the four 
classes of flanking markers showed a ratio of 
1:1:1:1. The cross was repeated four times and 
results were found to be homogeneous. The order 
for the sites of K492 and K959 (see FIGURE 8) is 
based on rec-w cog x rec-w cog crosses (see 
TABLE 23). the order TM504 TM502 is based on a 
cross which was cog+ x cog+ (see TABLE 25).
Reproducibility of results was tested by 
employing at least two stocks of the same mutant 
except in the case of TM501 and TM502 when only 
one stock of each allele was available. In the 
case of TM428, crosses between TM428 and 
K504, K874, K1201, K458 and K474 were repeated
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with three or four different stocks of TM428. It 
was found that no appreciable differences can be 
assigned to the different stocks of the same mutant.
To test whether the inequalities amongst the 
flanking marker classes were due to a difference in 
variability of the marker genes K166 and K118, a 
number of reciprocal crosses were made. These are 
summarised in TABLE 22. Ideally this experiment 
should have been orthogonal, involving also the 
combinations + his-3 + X arg-1 his-3^  ad-3 and 
arg-1 his-3x ad-3 X + his-3-  ^+. This was not 
possible because the stocks were not available soon 
enough. In any case the reciprocal would 
demonstrate the large difference expected if the 
inequalities were due to viability differences.
The results in TABLE 22 however are homogeneous and 
allow the conclusion that inequalities in the 
distribution of the markers are not due to the 
arg-1 and ad-3 genes.
5.3 Comparison of complementation and genetic map.
Comparisons of complementation and genetic maps 
have been attempted by several researchers (see 
review in Fincham, 1966) since a comparison of the 
two maps can add some knowledge on the organization 
of the tertiary folding of the protein. It also 
provides a test of the gene operon theory. Generally,
TABLE 22
Homogeneity of flanking markers distribution from reciprocal 
crosses. Both parents have rec-w constitution. The allele 
to the left of the cross is the proximal allele.
Constitution of crosses
Flanking markers Degrees
■"V 2 of
PD pd pD Pd  ^ freedom
83 233 195 86
2.8 3
37 109 113 37
30 72 99 39
0.61 3
30 79 93 38
31 87 97 33
1.3 3
11 43 48 18
26 105 194 35
1.1 3
17 78 122 23
10 23 30 16
3.7 3
37 49 73 55
44 74 70 52
0.41 3
41 77 69 50
arg-
K504 cog ad-3 X 
-1 K504 cog X 
K504 co£ ad-3 X 
arg-1 K504 cog X 
K458 cog ad-3 X 
arg-1 K458 cog X TM521 
K504 cog ad-3 X arg-1 
arg-1 K504 cog X TM504 
TM428 cog4 ad-3 X arg-1 
arg-1 TM428 cog+X TM521 
TM428 cog4 ad-3 X arg-1 
arg-1 TM428 cog+X TM504
TM428 cog'
+
arg-1 
TM428 cog^ ad-3 
arg-1
+
TM521 cog 
+TM5 21 cog ad-3 
arg-1 TM521 cog 
cog+ ad-3
+
+TM504 cog 
cog4 ad-3 
TM521 cog4 
cog4 ad-3 
TM504 cog4 
cog4 ad-3
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comparisons show a tendency for the sequence of 
sites on the two maps to correspond. This is what 
would be expected if complementation is due to 
non-overlapping defects in otherwise identical 
polypeptide chains and if the site of defect in 
the polypeptide chain corresponds to the site of 
mutation in the locus. The exceptions to this 
correspondence are explained by assuming that the 
gene determines the primary structure and that 
complementation reflects the tertiary structure of 
the protein, since the folding is likely to have a 
winding character causing segments of polypeptide 
to be intercalated between other segments.
The genetic map in FIGURE 8 shows the sites 
of TM428 and TM521 (group XII) between K458 
(group VI) and K874 (group IX). The location of 
these two mutant sites happens to be rather precise 
because besides the allelic crosses shown in 
TABLE 21, TM428 was crossed to K434 (group VII) and 
no prototrophs were obtained in a total of 
2.45 million viable spores. The site of TM521 is 
very close to K26 (group VII), the frequency of
5prototrophs per 10 being 0.71 + 0.12 in crosses 
of cog+ rec-w x cog+ rec-w. A total of only 
33 prototrophs were obtained from this cross which 
was repeated four times. The distribution of the
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markers indicates that the site of TM521 is 
probably proximal to K26 but a much larger sample 
is necessary to order sites in unequivocal manner. 
Mutants belonging to group XII fail to complement 
mutants of group V which corresponds to group 3 
in FIGURE 7. According to Ahmed, Case and 
Giles (1964) mutants in this group are defective 
in step 3 of the histidine biosynthesis. Group XII 
also lacks histidinol dehydrogenase as is shown by 
the fact that this mutant does not complement any 
of the mutants lacking this enzyme. This group 
suggests that complementation at the his-3 locus 
is not polarised since mutants lacking 
PRAMP cyclohydrolase and histidinal dehydrogenase 
overlap on the genetic map with mutants defective 
only for the latter enzyme.
The map of the his-3 locus presented in 
FIGURE 8 is not in agreement on some points with 
the map previously published by Catcheside (1965). 
The most important difference is the location of 
K504 and K474 which in the previous map appeared 
at the far ends of the locus. This map was drawn 
before there was any evidence of genetic factors 
controlling recombination at the his-3 locus and 
was partly based on prototroph frequencies. The 
evidence collected strongly indicates that the
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sites of both these allelic differences are in the 
proximal end of the locus. It is not possible 
however to claim that all non-complementing mutants 
map in this same region since at present only five 
non-complementing alleles of Emerson a and Y8743 
origin have been located out of 74 found. A method 
of locating these alleles is suggested in Chapter 7.
5.4 Discussion.
The existence of complementation group XII no 
longer allows a neat division of the complementation 
and genetic maps in three discrete parts. The 
hypothesis of an operon at the his-3 locus is based 
on two main assumptions:
1) that the configuration of the complementation 
map allows a neat division of the mutants into 
three functional groups;
2) that the sites of mutation fall into three 
discrete parts corresponding to the functional 
groups.
Ordering sites of allelic difference by means 
of flanking marker distributions allows reliable 
genetic maps to be constructed. It is however 
necessary to take into account that recombination 
genes also affect the distribution of outside 
markers among prototrophs (Catcheside, 1966b;
Thomas and Catcheside, 1969; Smyth, 1970). Thus
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data are not interpreted correctly if the rec 
constitution of the parents is not known and 
rec and rec+ crosses are used indiscriminately.
In the case of his-3 it is also necessary to take 
the constitution of the parents into account.
The evidence for a his-3 operon was derived from a 
fine structure map based partly on prototroph 
frequencies (Ahmed, Case and Giles, 1964;
Webber, 1965), which have been shown to be 
inadequate, and partly on distribution of flanking 
markers. In several cases, data on flanking 
markers distribution were very limited, with some 
expectations even lower than five and it was 
found that there was often no agreement between 
reciprocal crosses (Webber, 1965). Prototroph 
frequencies from the crosses reported in 
Webber (1965) suggest in the majority of the cases 
the presence of rec-w+. Mutants Y193 - M16 and 
Y152 - M66 yeld low prototroph frequencies when 
crossed to some stocks and higher frequencies with 
other stocks (Webber, 1965). Although the stocks 
which yeld the low frequencies were of mutant 
alleles different from those which gave the high 
frequencies, it is possible that the stocks of 
Y193 - M16 and Y152 - M66 were carrying rec-w, 
but not cog+.
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Whereas it is relatively easy to obtain the 
complementation map of a given locus, the 
corresponding genetic map requires more numerous 
and more laborious tests. It is also necessary to 
attain knowledge of the genetic factors affecting 
recombination at the locus and of their effect 
upon the distribution of the flanking markers. A 
complete comparison of the two maps is very 
difficult to achieve since it happens often that 
the order of sites of allelic difference lying 
close together cannot be established. Any theory 
based on comparison between the two maps ought 
therefore to take these facts into account.
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CHAPTER 6
EFFECT OF THE rec-w+ AND cog+ GENES ON THE 
FLANKING MARKERS 1 DISTRIBUTION.
6.1 Introduction.
The behaviour of flanking markers in the 
presence and absence of rec-l+ and rec-3+ has been 
thoroughly studied (Catcheside, 1966b; Thomas, 1969; 
Smyth, 1970). It has also been shown that the 
variations found in the frequencies of the four 
combinations are almost certainly due to the effect 
of the recombination genes (Thomas and 
Catcheside, 1969; Smyth, 1970).
Catcheside (1966b; 1968) showed how the 
frequency of the four classes of flanking markers 
could be explained by the hybrid DNA theory 
outlined by Holliday (see Chapter 1 and Chapter 5). 
The analysis of rec-1 x rec-1 crosses (Thomas and 
Catcheside, 1969) showed that the majority of 
his-l+ recombinants was due to hybrid DNA entering 
the locus from the proximal side and covering both 
sites or only the proximal site. The majority of 
his-l+ prototrophs therefore was either PD or pD.
In the presence of rec-l+, the proportion of 
hybrid DNA entering the locus from the distal side 
presumably is not changed but the hybrid DNA
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entering proximally is reduced. Thus in the 
presence of rec-l+, the parental combination pd is 
more frequent than PD and the frequency of the 
recombinant class pD is reduced. Smyth (1970) also 
found that the effect of rec-3+ was to reduce the 
proportion of hybrid DNA entering proximally.
When the distribution of the flanking markers 
was analysed in crosses carrying the his-3 alleles 
K504, K26 and K874 the following results were 
obtained (Catcheside and Austin, 1969; Angel, Austin 
and Catcheside, 1971):
+rec-■w rec-■w
PD pd pD Pd PD pd pD Pd
K504 X K87 4 80 57 107 44 27 11 11 10
K504 X K 26 52 150 125 57 33 17 33 10
K 26 X K874 107 28 121 35 4 3 20 3
As; it is shown in FIGURE 8, the site of K26
distal to K504 and proximal to K874. The data shown 
above indicated that when K26 was the proximal allele 
in the cross, the more frequent of the parental 
classes was PD and that when K26 was the distal 
allele in the cross pd was the more frequent parental 
class. In this latter case the effect of rec-w+ was 
to invert the relative frequencies of the two 
parental combinations. The data also showed that in
the absence of K26 the differences in frequency 
between the four combinations was less marked.
In Chapter 4 it has been shown that the high 
rec-w/rec-w+ ratios observed in crosses involving 
K26 were due to the presence of cog+. In order to 
test whether the behaviour of the flanking markers 
when K26 is in the cross was also due to cog+ or 
to a peculiarity of K26 itself, the distribution 
of the markers was examined in crosses involving 
several other alleles of known cog and cog+ 
constitution. The crosses analysed were: 
a) cog rec-w x cog rec-w, b) cog rec-w x cog rec-w+
c) cog+ rec-w x cog rec-w,d) cog rec-w x cog+ rec-w
. + + _. + +e) cog rec-w x cog rec-w , f) cog rec-w x cog rec-w
. + + , . + + + g) cog rec-w x cog rec-w, h) cog rec-w x cog rec-w.
Six different his-3 alleles linked to cog+ were 
used for this study. Ideally each of them should 
have been crossed to alleles linked to cog or to cog+ 
and with sites of difference proximal and distal to 
those of the his-3 alleles linked to cog+. This was 
achieved fully only for K26, TM428 and TM521. All 
other sites of the his-3 alleles were distal to TM522, 
while in the case of TM501, TM502 and TM504 all the 
alleles linked to cog are proximal.
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+ + 6.2 Effect of rec-w in the absence of cog
The cross K504 cog x K874 cog with and without 
rec-w+ showed a slight predominance of the parental 
class PD and of the recombinant pD. To test whether 
rec-w+ had any effect on the flanker combinations in 
his-3+ prototrophs, K874 was crossed to K480 whose 
site of allelic difference is distal to the K874 
site. Crosses involving several other alleles were 
also analysed. The results are summarised in 
TABLE 23 and in the square root charts of FIGURE 9. 
They allow the conclusion that in the absence of 
cog+ , rec-w+ has no effect on the distribution of 
the markers. It appears that in cog x cog crosses, 
rec-w+ only reduces the frequency of prototrophs 
by a factor of about 5.
All the crosses studied were repeated at least
twice. Heterogeneity of the assays was tested by
2X and the results of the tests are shown in TABLE 26.
Jha (1967) reported the results of crosses 
involving K492 to K874 and K474, whose sites of 
difference are distal to the site of K492, both in 
the presence and absence of rec-4+ . Since these 
three mutants were obtained from Em a which carries
the cog gene and the stocks used
(DGC 3881; DGC 3437; DGC 3439 and DGC 3233) were 
derived from crosses involving only stocks of
TABLE 23
Distribution of flanking markers in cog x cog crosses with 
and without rec-w+
Alleles
Crossed rec
Flanking markers 
-w rec +-w
Proximal
allele
PD pd pD Pd PD pd pD Pd
TM522 X K959 32 19 34 17 20 16 18 7 TM522
K 504 X K474 90 81 101 58 20 12 36 30 K 504
K 504 X K458 72 70 81 48 56 21 78 46 K 504
K 492 X K874 95 62 90 50 111 56 121 83 K 492
K 504 X K480 142 114 146 71 60 33 79 38 K 504
K 874 X K480 189 123 211 173 138 80 174 100 K 874
TOTALS 620 469 663 417 405 218 506 304
FIGURE 9
Square root charts of the flanking markers'
distribution in the absence of cog+ . Key to
the symbols is:
+• cog rec-w x cog rec-w; o cog rec-w x cog rec-w.
The results are shown in TABLE 23.
FIGURE 9
O / o
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cog constitution (see pedigrees in Appendix 1), 
it can be concluded that the crosses examined by 
Jha (1967) did not involve cog+. It has been 
shown (see Chapter 3) that most probably 
rec-w+ and rec-4+ are the same gene. The 
distribution of the flanking markers in rec-4 
and rec-4+ crosses (Jha, 1967) confirms this view 
since the two predominant classes were PD and pD 
and no difference was observed when rec-4+ was in 
the cross.
6.3 Effect of cog+ in the presence and
absence of rec-w~*~.
It was found that when TM428 cog+ is crossed 
to K504 cog or other alleles proximal to the site 
of TM428, the parental class which is predominant 
is pd and that this relationship between the 
parental classes is reversed if rec-w+ is in the 
cross. If TM428 is crossed to alleles, such as 
K874 cog, whose sites of allelic difference are 
distal to TM428, PD is larger than pd both in the 
presence and absence of rec-w+. The predominant 
recombinant class is always pD and is also larger 
than PD or pd. The sum of the parental classes 
is smaller than the sum of the recombinant
classes. All the crosses studied are summarised
7 7
in TABLE 24 and are also shown in the square root 
charts of FIGURES 10, 11 and 12. It is also 
typical of cog+ x cog crosses that the difference 
between the predominant and the minority class is 
very large. To represent the results on square 
root charts, the data (TABLE 24(a) and (b)) were 
divided in two groups according whether cog+ was 
carried by a proximal or a distal allele, in 
this latter case distinguishing also between 
rec-w and rec-w+ crosses. The majority of the 
results are within the 95% confidence limits.
The few exceptions do not show very large 
differences and are probably due to physiological 
factors and chance variations. The results 
obtained show that cog+ not only increases the 
frequency of prototrophs by a factor of about 6 
but also affects the distribution of the 
flanking markers.
r . + +6.4 cog x cog crosses
When two alleles, both linked to c.Qg+ , are 
crossed the predominant parental class is always 
pd, the predominant recombinant class being pD; 
the difference between the four classes is 
however not very marked. The results obtained 
are summarised in TABLE 25 and are also shown in
TABLE 24
Distribution of flanking markers in cog x cog and 
+cog x cog crosses.
a) cog x cog rec-
Flanking markers 
-w rec- +■w Proximal
Alleles
crossed PD pd pD Pd PD pd pD Pd
allele
K1201 x TM428 161 368 468 83 147 39 168 17 K1201
K 504 x TM428 120 342 308 123 17 8 30 10 K 504
K 504 x TM521 60 151 192 77 27 5 33 8 K 504
K 504 x TM501 29 113 179 62 32 6 47 6 K 504
K 874 x TM501 7 39 63 11 5 5 18 0 K 874
K 504 x TM504 43 183 316 74 276 66 394 55 K 504
K 874 x TM504 32 105 183 40 47 12 78 12 K 874
K 504 x TM502 93 198 256 62 116 51 211 28 K 504
K 874 x TM502 95 152 280 72 57 18 136 14 K 874
TOTALS 640 469 663 417 724 210 1115 150
b) cog+ x cog 
TM428 x K874 190 38 243 58 65 20 60 13 TM428
TM521 x K874 82 34 84 39 31 19 48 24 TM521
TOTALS 272 72 327 97 96 53 158 39
TABLE 25
Distribution of flanking markers in cog x cog crosses.
Alleles
crossed rec-
Flanking markers 
-w rec- +-w
Proximal
allelePD pd pD Pd PD pd pD Pd
TM428 X K 26 55 100 85 61 3 9 15 7 TM428
TM428 X TM521 47 72 103 71 TM428
TM428 X TM504 44 74 70 52 75 132 120 54 TM428
TM428 X TM502 56 69 83 42 TM428
TM522 X TM428 46 68 63 58 TM522
K 26 X TM504 76 104 98 82 64 98 90 58 K 26
TM504 X TM502 76 141 99 44 3 9 8 2 TM504
K 26 X TM502 76 170 126 106 48 47 42 40 K 26
TOTALS 476 798 727 516 193 295 275 161
FIGURE 10
Square root chart of the results in TABLE 24b 
showing the distribution of markers in crosses 
where cog+ is carried by the proximal allele. 
The symbols are: • rec-w+; o rec-w.
1/
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FIGURE 10
FIGURE 11
Square root chart of distribution of the parental 
classes in crosses in which the distal allele 
carries cog+ . The rec-w distribution (continuous 
lines) has been separated from the rec-w~t~ data 
(dashes) because the pd to PD ratio is inverted 
in the presence of rec-w+ . The data for this 
distribution are in TABLE 24b.
V
pd
FIGURE II
FIGURE 12
Distribution of the recombinant classes of
markers in the presence (dashes) and absence
(continuous lines) of rec-w+ in crosses in which
the distal allele carries cog+ . The symbols 
+• rec-w ; o rec-ware:
yp
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r
F I G U R E  12
TS 30 T Z  T4-
TABLE 26. Heterogeneity amongst assays of 
flanking markers' distributions in crosses
cog+ x cog; cog x cog and cog+ x cog+ with
+ 2 and without rec-w . The results of the x
tests for cog+ rec-w x cog rec-w are shown
in TABLE 21. In the case of crosses
involving rec-w+ it was often necessary to
pool data from two or more assays to avoid
expectations lower than five. For the same
reason in some cases comparisons could not
be made.
TABLE 26
+ +c o g  x  c o g r e c - ■w r e c - ■w
2 2
X d .  f . X d .  f .
TM428 x  K 1 2 0 1 1 4 . 6 3
TM4 2 8 x  K 8 7 4 1 . 1 3
TM521 x K 874 5 . 8 6
TM5 0 4 x  K 5 0 4 27 15
TM50 4 x  K 8 7 4 3 . 8 3
TM5 02 x  K 5 0 4 6 . 7 3
TM5 0 2 x  K 8 7 4 2 . 7 3
c o g  x C O £
K 5 0 4 x  K 4 7 4 1 . 5 6 0 . 4 3 3
TM5 22 x  K 9 5 9 0 . 4 2 3
K 5 0 4 x  K 4 5 8 1 . 9 6 6 . 7 12
K 5 0 4 x  K 480 1 . 2 6 7 . 1 6
K 492 x  K 8 7 4 0 . 5 3 3 0 . 9 6 3
K 874 x  K 480 5 . 8 12 3 . 2 16
+ +
c o g x c o g
TM42 8 x  K 26 9 . 9 9
TM428 x  TM521 3 . 7 3
TM42 8 x  TM504 0 . 2 7 3 2 . 0 3
TM5 2 2 x  TM428 0 . 5 1 3
K 26 x  TM504 9 . 7 6 18 12
TM5 0 4 x  TM502 4 . 3 6
K 26 x  TM502 1 . 7 12 14 6
TM5 02 x  TM428 0 . 2 2 3
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the square root charts of FIGURE 13. The presence
of rec-w+ does not appear to have an effect on the
markers' distribution but the results cannot be
considered conclusive since crosses of 
+ + 4-cog rec-w x cog rec-w have not been examined in 
sufficient number. The only cases in which an 
allele was crossed to both a proximal and a distal 
allele are the crosses involving TM428, K26 and 
TM504 whose sites of allelic difference are in 
that order and in the crosses between 
TM428, TM50 4 and TM502 . A more extensive study, 
with larger samples is necessary to allow 
conclusions to be drawn.
6.5 Comparison of crosses with
TM522 cog and TM522 coq+ .
Further proof that the results described in 
the previous sections are not due to any 
peculiarity of the alleles crossed or to the 
position they occupy in the locus is given by the 
fact that crosses of cog x cog, cog+ x cog and 
cog+ x cog+ were compared using cog and cog+ 
stocks of the same allele. The origin of the 
stocks used is described in Chapter 4. The 
data obtained are shown in TABLE 27. To test 
whether the results of the TM522 cog x his-3 cog 
crosses were homogenous with those obtained from
FIGURE 13
Square root charts of the flanking markers 
distribution in cog+ x cog+ crosses. The data 
are shown in TABLE 25. The key to the symbols
FIGURE.13
TABLE 27
Effect of cog on flanking markers’ distribution as shown by 
comparison of crosses of TM522 cog and TM522 cog+ with alleles 
distal to the site of TM522.
Alleles crossed to 
TM522 cog and TM522 cog+
Flanking markers' 
rec-w
distribution
rec-w
PD pd PD Pd PD pd pD Pd
K 504 cog X TM522 cog 61 24 90 31
X TM522 +cog 25 8 31 12 17 9 30 5
K 874 cog X TM522 cog 52 19 80 14
X TM522 +cog 183 73 253 90 93 44 128 34
K 458 cog X TM522 cog 69 56 83 32 17 8 24 15
X TM522 +cog 150 73 219 78
K 474 cog X TM522 cog 93 77 84 74
X TM522 +cog 54 45 87 27
TM428 +cog X TM522 cog 51 127 130 43 18 7 30 5
X TM522 +cog 46 68 63 58
K 26 +cog X TM522 cog 91 259 269 100
X TM522 +cog 69 87 93 67
TM521 +cog X TM522 cog 77 138 204 60 17 7 37 4
X TM522 +cog 44 77 71 48
TM504 +cog X TM522 cog 42 70 99 29
X TM522 +cog 16 44 51 9
TM501 +cog X TM522 cog 8 17 30 3
X TM522 +cog 26 19 32 14
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the other cog x cog crosses, the data were included 
in the square root chart of FIGURE 9. The same 
test was done for the cog1 x cog (FIGURE 10) and 
cog+ x cog+ combinations, and they were found to be 
in agreement.
6.6 Discussion.
The results of all the crosses analysed
(TABLE 28) allow a comparison of the effects 
+ +rec-w and cog have on the distribution of flanking 
markers amongst his-3+ prototrophs. The effects of 
rec-w+ can be summarised as follows:
a) In cog x cog crosses the ratio of PD to pd is
increased. If the parental classes of the
+ 2 rec-w and rec-w 'crosses are compared, the x
value is 15.04, highly significant for one
degree of freedom.
b) In cog x cog+ crosses in which cog+ enters 
the cross with the distal allelic difference, 
the ratio of pd to PD is inverted.
c) In cog+ x cog+ crosses the presence of rec-w+ 
causes a slight increase of the pD to Pd 
ratio.
If the data are interpreted according to the 
hybrid DNA theory, it can be concluded that the 
effect of rec-w+ is that of decreasing the
TABLE 28
Summary of all the crosses involving cog and cog with and 
without rec-w"!"
rec-w r +rec-w
PD pd pD Pd PD pd pD Pd
cog X cog 895 645 1000 568 422 226 530 319
0.29 0.21 0.32 0.18 0.28 0.15 0.35 0.21
C O £ X +cog 709 2262 2977 839 759 224 1184 159
0.11 0.33 0.44 0.12 0.33 0.10 0.51 0.07
+cog X cog 684 271 917 304 206 92 266 76
0.32 0.12 0.41 0.14 0.32 0.14 0.42 0.12
+cog X +cog 631 1025 974 654 193 295 275 161
0.19 0.31 0.30 0.20 0.21 0.32 0.30 0.17
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frequency with which hybrid DNA enters the locus 
distally.
If the cog+ x cog and cog x cog+ crosses are 
compared in the absence of rec-w+, it is found 
that the ratio PD to pd is inverted. The ratio 
of the majority parental class to the minority one 
is however the same in the two kinds of cross.
This reversal due to position in the locus of the 
allele carrying cog+ is not easily explained.
Some hypotheses have been outlined and discussed 
in Chapter 8. The presence of cog+ does not have 
an effect on the ratio of the recombinant classes.
A reversal of the PD to pd ratio also occurs 
if cog x cog crosses are compared with cog+ x cog+ 
crosses, the presence of cog+ having the effect 
of increasing the pd class. In the presence of 
rec-w+ however the relative frequencies of 
pd and PD in cog+ x cog+ are unchanged. Since the 
effect of rec-w+ is epistatic to that of cog+, it 
was expected that in the presence of rec-w+ the 
class pd would be smaller than PD. The amount of 
data obtained from cog+ x cog+ crosses with 
rec-w+ is too small to allow conclusions to be 
drawn. It would also be expected, if rec-w+ is 
completely epistatic to cog+ that the distribution 
of the flanking markers would be the same in all
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types of cog and cog4 crosses. As shown above 
this is not so, but this is not readily 
explicable.
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CHAPTER 7
THE BEHAVIOUR OF AN INTERCHANGE 
MUTANT (TM429)
7.1 Origin of TM429
TM429 was obtained from the wild type stock 
429 by filtration enrichment following treatment 
with ultraviolet light (Chapter 2). This wild 
type stock was isolated from a cross between 
Y8743 A and a K26 ad-3. Both parents have the 
cog+ constitution. The rec constitution of 429 
was shown to be rec-w (Chapter 3). The mutant 
TM429 is completely dependent on histidine and it 
does not complement other his-3 alleles suggesting 
that it lacks the ability to carry out any activity 
controlled by his-3+. All the stocks of TM429 
used are relatively infertile and all crosses of 
this mutant with other stocks yield 50% or more of 
inviable spores, most being at once recognisable 
by their failure to form a pigmented cell wall.
Data on spore germination were collected by 
counting spores on A plates in areas chosen at 
random. It was observed that ungerminated spores
were either black or white in a ratio of about 1:2.
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7.2 Diagnosis of aberration by analysis 
of asci.
The high frequency of aborted spores in all 
crosses examined suggested the presence of a 
chromosomal structural change. This was tested by
classifying unordered octads of spores discharged
Pfrom asci, obtained by crossing TM429 to fl A.
The method used was that described by
Strickland (1960) and Perkins (1966b) for
Neurospora (Chapter 2) .
Asci having black and white spores in the
numbers 8:0; 0:8; 4:4; 6:2 and 2:6 were found
(TABLE 29). The data are homogeneous, the value 
2
O f  Y* being 11 for eight degrees of freedom. 
McClintock (1955) and Perkins (1966a) showed that 
the nature of chromosomal structural changes can 
be diagnosed in Neurospora from the frequencies 
of asci with different numbers of aborted spores. 
FIGURE 14 shows the patterns of asci which might 
be expected from various structural heterozygotes 
assuming that one of the segments between the 
centromere and a break point is relatively short 
and that such segment might be involved in 
crossing over (Perkins, 1966a).
If an haploid strain carrying an interchange 
is crossed to one with a normal chromosome
TABLE 29
Frequencies of asci carrying aborted spores from a cross 
involving TM429.
8:0 o 00 4:4 6:2 2:6 TOTAL
1 46 41 21 11 7 126
2 61 69 64 25 23 242
3 78 84 61 20 16 259
TOTAL 185 194 146 56 46 627
FIGURE 14
Expected patterns of spore abortion from crosses 
heterozygous for a chromosome rearrangement, 
assuming crossing-over occurs in the segments 
comprised between the centromeres and the break 
points and that one of the segments is very short.
FIGURE 14
Ascus types  
Black : white spores
Reciprocal
Translocation
Insertional
Translocation
P eri-o r p a ra c e n tr ic  
In vers io n
8 : 0  0 : 8  4 : 4
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complement, a cross-shaped configuration is formed 
during meiotic pairing. Following chiasma formation 
in each of the pairing segments distal to the 
interchange points, a ring of four chromosomes is 
formed. Alternate co-orientation of the chromosomes, 
so that alternate ones pass to the same pole at the 
first meiotic division, yields spores each with 
complete complements, four normal and four 
interchange. These asci show 8 black spores and no 
white ones. Adjacent co-orientation, so that 
adjacent chromosomes go to the same pole yield only 
spores with unbalanced complements, deficient for 
one segment and duplicated for another. The relative 
frequency of 8 black:0 white and 8 white:0 black 
depends upon the relative frequency of alternate and 
adjacent co-orientation, evidently about equal in 
this case (TABLE 29). If a crossover occurs in one 
of the interstitial segments, between an interchange 
locus and the centromere, a figure of eight 
configuration of chromosomes is produced if 
chiasmata are also formed in the pairing segments.
Its co-orientation results in four balanced spores 
(two normal and two interchange) and four unbalanced, 
duplication plus deficiency, ones. Hence these asci 
show 4 black and 4 white spores.
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The frequency of 4 black to 4 white octads 
depends upon the frequency of crossing over in the 
interstitial segments and so indicates their genetic 
length. In this case, their sum does not exceed 
about 10.6 centimorgans, so both interchange loci 
must be close to their respective centromeres.
The 6:2 and 2:6 asci are less readily explained, 
but appear to be due to delay in ripeness or the 
ability of some unbalanced types of spores to 
develop enough pigment to appear dark.
7.3 Locus of the break point in Linkage 
group I.
All stocks of TM429 produce aborted spores when 
crossed to normal testers. Evidently one of the 
break points is close to the his-3 locus. Since the 
his-3 mutant and the interchange appear inseparable 
it is possible that the former is due to the latter 
and even that the break is in the his-3 locus 
itself. If one break point were between the arg-1 
and ad-3 loci which are linked in group I in normal 
strains, they would be unlinked in TM429 strains.
This was tested by crossing arg-1 TM429 with 
TM429 ad-3 and examining recombination between 
arg-1 and ad-3. It was found that arg-1 and ad-3
were in fact no longer linked, the recombination
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value being 49.1%. The results obtained were as 
follows:
arg his his ad + his + arg his ad 
37 36 40 31
This shows that one of the break points is 
between arg-1 and ad-3. There is a strong 
presumption that this interchange point is in the 
his-3 locus itself and that the his-3 mutation is 
due to it. Evidence of this is the failure to 
separate TM429 from the structural change. Seven 
different stocks of TM429 all carry the interchange. 
Moreover, TM429 appears unable to convert to 
normal. Twenty-five prototrophs from the cross 
K1201 ad-3 x arg-1 TM429 were crossed to flPA 
and tested for the presence of aborted spores.
Nine of these prototrophs were arg +, 6 + +,
6 arg ad and 4 + ad. None behaved like TM429. The 
highest frequency of white spores obtained from any 
of these crosses was 4.2%.
7.4 Results of allelic crosses.
Crosses of TM429 to many other his-3 mutants 
have been studied and the distribution of the 
flanking markers in his-3~t~ prototrophs used to 
place the site of difference of TM429 in the fine 
structure map of the his-3 locus. The criteria
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used are the same as for constructing the genetic 
map described in Chapter 5. The results of the 
allelic crosses are summarised in TABLES 30 and 31. 
The data on the distribution of the flankers 
(TABLE 31) show that the site of TM429 lies between 
K874 and K480 (FIGURE 15), the site of K874 being 
proximal to that of K480 (chapter 5). Amongst 
prototrophs only one of the recombinant classes 
and one of the parental classes is present in 
significant proportions. Since the TM429 
parental class is scarcely represented, especially 
in crosses to stocks carrying cog, whether it is 
crossed to a proximal or distal his-3 allele, it 
seems likely that TM429 cannot be converted and 
that one of the break points is at the site of 
TM429 itself. When TM429 is crossed to strains 
carrying cog prototroph frequencies are not 
affected by rec-w (TABLE 30). The frequencies 
observed are those characteristic of rec-w+.
Two hypotheses are possible assuming that 
cog+ is present in TM429, as indicated by its 
ancestry. One is that when TM429 is crossed to 
cog strains carrying his-3 mutants with sites of 
difference proximal to the interchange point, 
cog+ is prevented from affecting recombination
because it is separated from the proximal part of
TABLE 30
Frequencies of prototrophic progeny in crosses of TM429 
to various other his-3 alleles.
Alleles
crossed
Prototrophs per 10~* Ratio
rec-w/rec-w"*"rec-w x rec-w +rec-wxrec-w
cog TM522 13.8 + 4.33 10.3 + 4.27 0.75 + 0.39
K1201 12.7 + 0.40
K 504 11.0 + 0.48 10.90 + 1.3 0.99 + 0.13
K 492 9.39 + 1.08 9.08 + 0.93 0.87 + 0.71
K 474 15.80 + 1.0
K 458 6.54 + 0.55
K 434 4.73 + 0.63
K 874 0.31 + 0.07 0.39 + 0.08 1.27 + 0.39
K 480 6.80 + 0.79 6.20 + 1.61 1.11 + 0.32
cog+ TM522 32.1 + 13.7
TM428 19.5 + 1.85 0.93 + 0.25 21.0 + 5.97
TM521 10.46 + 1.39
K 26 19.0 + 1.87 0.78 + 0.18 24.1 + 5.95
TM504 95.5 + 8.5 3.52 + 0.97 27.1 + 7.85
TM502 255 + 62.4
TABLE 31
Distribution of flanking markers at arg-1 and ad-3 loci 
amongst prototrophs from crosses of TM429 to various 
his-3 alleles.
Proximal rec-w x rec-w rec-w x +rec-w
alleles PD pd pD Pd PD pd pD Pd
cog TM522 10 0 3 0 3 0 4 0
K1201 319 14 611 10
K 504 157 7 321 5 19 0 52 0
K 492 92 5 194 2 88 6 177 4
K 474 59 2 105 3
K 458 55 1 88 0
K 434 23 1 36 0
K 874 16 1 4 0 16 0 7 1
cog+ TM522 3 0 5 2
TM428 86 6 63 12 3 0 5 0
TM521 38 2 26 0
K 26 80 12 43 5 10 1 7 0
Distal
alleles
cog K 480 5 24 43 2 0 3 10 3
cog+ TM504 19 166 111 47 0 8 6 0
TM502 2 61 32 7
FIGURE 15
Genetic map of the his-3 locus based on allelic 
crosses involving TM429. The order of the sites 
is based on the prototroph frequencies from 
rec-w+ crosses. Their position with respect to 
TM429 was based on the criterion that the 
majority recombinant class is pD.
FIGURE 15
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the his-3 gene. According to this hypothesis if a 
strain of TM429 cog+ is crossed to a his-3 cog 
strain whose site of difference of his-3 is distal 
to TM429, cog+ should increase recombination in the 
absence of rec-w. The only data available, which 
could bear on this matter, are those from the 
cross 526 TM429 ad-3 rec-w x arg-1 K480 cog rec-w, 
all attempts to cross arg-1 TM429 cog+ rec-w to 
K480 cog ad-3 rec-w having failed. The stock 
526 TM429 ad-3 rec-w was the only one obtained 
from a cross between TM429 and an 
arg-1 cog ad-3 stock and its cog or cog+ 
constitution is unknown. It could have arisen either 
from recombination in the cog /ad-3 region or in the 
his-3/cog segment. Stocks from crossing over in the 
former would have a cog+ constitution, crossing 
over in the latter would result in stocks of TM429 
carrying cog. Hence the evidence, which is 
apparently against this hypothesis, is uncertain 
since the cross could be cog x cog.
The other hypothesis is that cog+ initiates 
recombination at the site of the allele with which 
it entered the cross and since TM429 cannot convert, 
cog+ is prevented from having an effect on 
recombination frequencies in crosses with alleles of 
cog rec-w constitution. This hypothesis however
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still leaves open the question why the rec-w versus 
rec-w+ difference found in cog x cog crosses is 
absent. The rec-w/rec-w+ ratio of prototroph 
frequencies in the absence of cog+ has values 
ranging from 2 to 5 in normal crosses and the 
frequency of prototrophs is the sum of the conversion 
frequencies of both parents. In the case of crosses 
between TM429 stocks and other alleles linked to 
cog only the conversion of the normal parent can be 
affected by rec-w+. It is possible that since the 
frequency of conversion of alleles linked to cog is 
not very high, the effect of rec-w+ is not easily 
observed. If TM429 is crossed to a his-3 cog+ 
strain the usual large rec-w/rec-w+ ratio 
characteristic of cog+ crosses is observed.
The distribution of the flanking markers 
amongst prototrophs is also affected by the presence 
or absence of cog+ in the strain with which TM429 is 
crossed. In the case of crosses with alleles 
linked to cog the ratio of the large recombinant 
class to the large parental one is normally about 
2:1. This is so in all crosses analysed except the 
ones with K874 cog and with TM522 cog for both of 
which the data are limited and may be 
unrepresentative. The cross with TM522 was almost 
sterile and it was necessary to use ten crossing
FIGURE 16
Distribution of the flanking markers in crosses 
involving TM429 and alleles whose site of 
difference is proximal or distal in the presence 
and absence of cog+ .
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tubes to obtain the only sample analysed; this may
have resulted in bias in the prototrophs examined.
In the case of the cross K874 x TM429, although
most of the crosses (see Appendix 2) were fertile,
the number of prototrophs obtained was very low.
In this case also the small size of the samples may
be responsible for the different PD/pD ratio.
Alternatively, the latter may be due to the
proximity of the site of K874 to that of TM429. It
appears that the presence of rec-w+ does not alter
the distribution of the flanking markers, either
in the presence or absence of cog+ . The data
obtained from these crosses however are inadequate
for full comparison, except in the case of the cross
with K492 cog which was very fertile. When the
frequency of the classes PD and pD was compared in
rec-w and rec-w+ crosses with K492 the results were
2found to be homogeneous, the x value being 0.067 
for one degree of freedom.
If TM429 is crossed to a stock with his-3 cog+ 
constitution, the larger parental class exceeds the 
larger recombinant class when the cross is 
rec-w x rec-w; the few data from rec-w x rec-w+ 
crosses are inconclusive. All the crosses were 
repeated at least twice and replicates were found 
to agree (see Appendix 2). The distribution of the
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flanking markers are also shown in FIGURE 17 in 
square root charts. The data were divisible into 
two groups according to whether the sites of 
alleles crossed to TM429 were proximal to it 
(continuous lines) or distal (dashes).
Most of the data concern crosses with proximal 
alleles and they all fall within the 95% confidence 
limits with the exception of the cross TM428 x TM429 
whose deviation is probably due to accidental 
variation.
Crosses of his-3 alleles to TM429 allow 
classification of their sites of difference from 
normal as proximal or distal to that of TM429. 
Suppose that stocks of TM429 carrying either the 
proximal (arg-1) or the distal (ad-3) marker were 
to be crossed to a number of other his-3 mutants 
whose position with respect the site of TM429 was 
not known. Observation of the distribution of 
the flankers among prototrophs would show two 
groups as follows:
Parental Recombinant
arg-1 his-3x XTM429 ad-3 arg + + + his-3x proxi-v mal to TM429his-3 ad-3xarg-l TM429 + ad arg ad
TM429 ad-3xarg-l his-3^ arg + arg ad his-3^ distal
arg-1 TM429xhis-3^ ad-3 + ad + + to TM429
FIGURE 17
Square root chart of the recombinant classes in 
crosses between TM429 and proximal alleles 
(continuous lines). Broken lines indicate crosses 
of TM429 with distal alleles. The key to the 
symbols is:
1m rec-w x TM429 o
1 rec-w+ x TM429 •m
2TM429 x m rec-w A
TM429 x m'2 +rec-w x
Vpö
TrI
FIGURE 17
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In the first cross above if + + is pD and the 
larger of the parental classes is arg + , arg + must 
be PD and his-3X is proximal to the site of TM429. 
Likewise if the pD is arg ad, arg + is pd and the 
site of his-3^ is distal to TM429. This system 
could be used to determine whether all the his-3 
mutants which do not complement actually all map 
at the proximal end of the locus.
The small parental and recombinant classes are 
the product of further recombination between P and 
D and the his-3 locus. The origins of the four 
classes of marker combination are shown in TABLE 32.
If the allele crossed to TM429 is proximal to it, 
the position of the crossovers yielding the minority 
parental and recombinant classes is distal. They 
are proximal if TM429 is crossed to an allele whose 
site of difference is distal. The relative 
frequencies of these two small classes are not 
significantly different in crosses with his-3 
stocks of cog constitution although the parental 
class is always slightly the larger. If cog* is 
present in the cross the frequencies of the two small 
classes are higher and the minority recombinant class 
is usually larger than the minority parental one.
The frequencies of the small classes are significantly
TABLE 32
Origin of the four classes of flanking markers in crosses 
involving TM429.
m"^  x TM429 TM429 x m
PD pd pD Pd PD pd pD Pd
conversion of J  + + conversion of
conversion of + conversion of
and crossover + and crossover
crossover in + + crossover in
PD pd
crossover in 4- + crossover in
pD pD
9 3
larger in the cross with TM504 cog+ whose site lies 
distally to TM429. There is however insufficient 
evidence to conclude that this is a characteristic 
of all distal mutants in stocks of cog+ 
constitution. The frequencies of crossing over 
between P and D and the his-3 locus as indicated 
by the frequencies of the small parental and 
recombinant classes are summarised in TABLE 33.
When TM429 is crossed to alleles of cog+ 
constitution the frequency of the small classes is 
significantly higher if they are due to the 
occurrence of distal crossovers. This constitutes 
further evidence that cog+ affects non allelic 
recombination.
7.5 Immunological tests on TM429.
Crosses involving TM429 provide a system of 
great interest. It is possible that biochemical 
studies of this mutant might increase our 
understanding of the his-3 locus. Some immunological 
tests of it were made.
A total of 129 his-3 mutants, 52 of which do not 
complement other his-3 alleles have been examined 
(Creaser and Gardiner, 1969) for their ability to 
react with antiserum produced against histidinol 
dehydrogenase purified from the wild type. All of
TABLE 33
Effect of cog on the frequency of crossing over in the 
his-3 region.
Distal crossovers Proximal crossovers
his-3/ad-3 his--3/arg-l
+ +cog cog cog cog
50/2156 36/366 7/74 75/445
2.3% 9.8% 9.5% 16.9%
10/376 1/26 3/16 0/14
2.7% 3.9% 18.8% _
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them were found to produce a cross reacting material 
(CRM+). The technique used was that of 
Ouchterlony's Double Diffusion method, used as 
described by Creaser and Gardiner (1969). All the 
his-3 mutants tested by Creaser and Gardiner (1969) 
produced two major precipitin bands which were 
shown by them to correspond to the 4S and 7S 
forms of the enzyme.
When the TM429 extract was tested (PLATE 1), 
together with an extract of Emerson a, the central 
well being filled with antibody to histidinol 
dehydrogenase, it was found that the outer 
precipitin band was absent from the TM429 reactions. 
The other bands were present thus indicating that 
the protein produced by TM429 was CRM+. To 
determine whether the absence of the outer band, 
corresponding to the 7S form of the enzyme, was a 
characteristic of the protein produced by TM429, 
the same test was repeated on the wild type stock 
(Y8743) from which TM429 was obtained. As shown 
in PLATE 1 the same result was obtained. It is 
apparent that the histidinol dehydrogenase produced 
by Y8743 differs from that produced by Emerson a in 
that it does not possess all the polymeric forms. 
Whether the effect is due to the his-3+ gene
itself or to another gene is not known. At any rate
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K26, also from Y8743, has both major precipitin 
bands (Creaser and Gardiner, 1969). According to 
Creaser and Gardiner if a considerable portion of 
the histidinol dehydrogenase polypeptide were 
needed for polymerisation, chain termination and 
frame shift mutations could produce a protein 
which is antigenically recognisable only if the 
mutation were close to the last part of the gene 
to be translated. The protein from TM429 cannot 
be complete, but since its product reacts with 
antiserum, it must produce a significant part of 
the histidinol dehydrogenase.
Although it is difficult at present to know 
whether the site of TM429 is close to one of the 
ends of the his-3 locus, it is unlikely that it 
is very close to the end of a normal polypeptide 
since several his-3 mutants are known whose
sites of allelic difference are distal to TM429.
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CHAPTER 8 
DISCUSSION
8.1 Summary of the evidence collected 
in this research.
The results of experimental work can be 
divided into two groups: those which provide 
unequivocal information and those which allow 
more than one interpretation. If an hypothesis 
on the nature or the mode of action of a system 
is to be made, it is necessary to distinguish 
between these two types of information.
In the case of the his-3 cog+ rec-w+ system 
the following facts may be classified in the 
former group.
a) Recombination in the his-3 region is controlled 
by two genetic factors: rec-w+ and cog+.
b) Both non-allelic and allelic recombination are 
controlled by the same genes.
c) rec-w+ is dominant to rec-w and cog+ is 
dominant to cog. The effect of rec-w+ is 
epistatic to that of cog+.
d) rec-w+, being located on group V, is not 
linked to his-3. cog* on the other hand is 
closely linked to the region it controls and
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it is distal to his-3, between this locus and 
ad-3.
The following data belong to the latter type of 
results.
a) In the absence of rec-w+ , if cog+ is carried 
in the cross only by one parent, the his-3 
allele in this parent converts more frequently 
than the other. Thus in cog+ x cog crosses 
PD>pd, in cog x cog+ crosses pd>PD.
b) If the his-3 gene is broken as in the case of
TM429, rec-w+ affects the frequency of
prototrophs only if the other parent carries 
+cog .
c) rec-w+ appears to affect the frequency of 
distal hybrid DNA formation. In the presence 
of this gene in fact the ratio of PD to pd 
increases in cog x cog and cog x cog+ crosses.
d) In cog+ x cog+ crosses in the absence of 
rec-w+ , the allele whose site of difference 
is distal converts more often. Thus, pd>PD.
e) Some recombination takes place in the absence 
of cog+ and in the presence of rec-w+ . The 
distribution of the flanking markers
(see TABLE 28), with PD>pd, suggests that in 
this case the majority of the hybrid DNA 
enters proximally.
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f) Prototrophs are the result only of the
formation of hybrid DNA but other crossing 
over in the neighbourhood may also occur as is 
shown by the presence of the minority parental 
and recombinant classes of prototrophs in 
crosses with TM429. This additional crossing 
over does not in itself produce his-3+ 
prototrophs.
8.2 Inferences.
Any hypothesis on the relationship between 
+ +cog and rec-w is severely limited by the 
dominance relationship: rec-w+ is dominant in 
reducing the frequency of recombination, cog+ is 
dominant in increasing it by a factor estimated 
to be about 6, but varying between 3 and 14, in the 
absence of rec-w'1'.
It is possible that the action of one is
independent of the activity of the other but it is
rather unlikely both because the effect of rec-w+
is epistatic to cog+ and because it is difficult to
envisage a mechanism of recombination controlled by
two unrelated gene systems. The fact that rec-w+
is not linked to his-3 suggests that this gene must
specify a product and further that the active form
of this product is that produced by the dominant 
+ +gene rec-w . In the case of cog and cog it is
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possible that these genes are analogous to 
Holliday's recombinator, being simply sequences of 
nucleotides whose function is to "mark" any locus 
at which the product controlled by a particular 
rec+ gene is active. On the other hand, cog+ might 
specify an enzyme whose function is to initiate
recombination and whose activity is blocked by the
+ + rec product. In fact, if cog were part of the
his-3 locus the latter hypothesis would be
untenable, but cog+ is only linked to the his-3
locus and its presence has the effect of increasing
non-allelic recombination in the his-3/ad-3 region.
On the other hand this cannot be regarded as
conclusive evidence since according to the Holliday
and Whitehouse theories of recombination the length
of hybrid DNA may cover more than one locus.
Fogel, Hurst and Mortimer (1970) also state that
they have evidence in yeast for multiple site
conversion extending over more than one locus and
that the conversion mechanism does not recognise
the beginnings or the ends of genes. Besides the
participation of closely linked loci in a single
event leading to conversion in each, there is
evidence of unitary control of recombination by
conversion in unlinked loci. Catcheside and
Austin (1971) have shown that rec-3+ regulates the
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frequency of recombination at the airt-1 locus (in 
linkage group V) and at the his-2 locus (in linkage 
group I).
Angel, Austin and Catcheside (1971) have 
suggested the hypothesis that the product of rec-w4 
is a regulator specifically controlling the 
recombinase which initiates recombination at the 
cog locus. The recombinase, perhaps an endonuclease, 
would be specified by a gene, which might be 
referred to as comb, and since there are several 
known rec loci there should be a corresponding 
number of comb loci. The product of each comb gene 
is assumed to be specific to one or a limited number 
of cog loci, all of which have a common sequence of 
nucleotides in which the recombinase can initiate 
recombination. The comb gene is seen as an operon, 
the operator site of comb being indicated as con 
(FIGURE 18A). According to this hypothesis there 
must be recognition loci, presumed to be cog, each 
related to a locus at which recombination shows 
control. These recognition loci 
target of the recombinase. This hypothesis is 
represented in FIGURE 18A. According to it there 
ought to be a limited number of rec genes 
controlling an equally limited number of 
recombinases. Any one of the latter would be
(cog) are the
FIGURE 18
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the frequency of recombination; cog could produce a 
less active form of recombinase. Apart from 
possible individual differences in the recognition 
sites (whether cog or init), the same kind of 
recognition site could occur at many places in the 
genome, so leading to coordinated control of 
recombination at a number of unlinked loci, since 
the same recombinase specified by cog+ or by combH 
should initiate recombination at these loci and the 
product of rec-w+ must be specific for a given 
recombinase. According to the second hypothesis,
-j- *4“cog is analogous to comb of FIGURE 18A and 
init to cog+.
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APPENDIX 1
Pedigree of stocks and origin of mutants used
in the course of this research.
iAppendix 1
This appendix describes the pedigree of 
the principal stocks used for this research.
Mutants from Professor Catcheside's 
collection are indicated by a number prefixed 
by the letter K, stocks bear a number prefixed 
by DGC. The prefix DGC has been omitted in the 
pedigree of stocks prepared by 
Professor Catcheside because the prefix is 
common to all the stocks quoted. The arg-1 
mutant allele used is always K166 and the 
ad-3 mutant allele is K118.
Mutants isolated by the author are indicated 
by a number prefixed by TM, stocks bear only a 
number.
ii
Wild type origin of mutants from Professor Catcheside's 
collection which were used in crosses.
his-3 arg-1 ad-3 A try-1 try-2 try-3 try-4 ad-7 nt
Emerson a K959 K166 K118 K893 K892 K888 K902 K77 K890
rec-w;cog K1201 
K504 
K492 
K474 
K458 
K434 
K874 
K480
Y8743 A K26
+cog
cot-1
Unknown C102 A
Stocks 429a; 430a; 431a; 432A
Constitution: weld type; cot-1;
DGC3387 x DGC841
a K166 K118 cot-1 cog AK26 cog+
X1405
K26cog+ad-3;cot-l 370a 371a 372a x Y8743 A cog+ ;al-2;sual-2;pem
X1432A4 x 372
A cog+ ; cot-1 aK26 cog~l~ ad-3; cot-1
wild type; cot-1 429 430 431 432 433 434
a cog+rec-w a cog+rec-w a cog+rec-w A rec-w+ A A
iv
Wild type origin of his-3 mutants from the author's 
collection.
Mutant
Wild type
429 a TM429
rec-w; cog+ ; cot-1 TM507
TM5 0 8
430 a
rec-w; cog+ ; cot-1 TM428
TM50 0 
TM5 01 
TM50 3 
TM5 0 4 
TM5 0 5
431 a
rec-w; cog+ ; cot-1 TM506
TM521 
TM5 2 2
432 A
rec-w+ ; cot-1 TM50 9
VK 504
Stocks of arg-1 K504 cog; cot-1; rec-w constitution: 
DGC 7437 A; DGC 7438 a; DGC 7440 a.
K504 x 2931
a rec-w A cot-1 rec-w
3334 x 3387 
A rec-w K504 cot-1 -K166, _K118 _ . a arg-1 ad-3 cot-1
vi
K504
Stocks of K504 cog ad-3; cot-1; rec-w constitution: DGC 7444 A; 
DGC 7445a; DGC 7450 A; DGC 7451 a.
K504 x 2931
a rec-w cot-1 rec-w
K504 cot-1 3335x3369 A K166 K118;cot-l;
rec-w
a rec-w
arg-1 K504 3634 x 3181
cot-1 arg-1 K504 4410
A rec-w
K504 ad-3;cot-1 Em A x 3705 x^  3820 
rec-w+ ä rec-w
arec-w+
6650 x 4387 4388 4386 a K504 ad-3;cot-1;rec-w
A inos asp rec-w+
3820 x 7247 x 5911
rec-1 A cot-1 rec-w K504 ad-3;cot-l;inos asp A  1  -  +A cot-1 rec-1 rec-w
rec-w
K504 ad-3; 7444 7445 7450 7451
cot-1
11 - . . . . . . .  _i_ i
rec-w
vii
K26
Stocks of arg-1 K26 cog+ ; cot-1 constitution: DGC 3300 A; 
DGC 3301 A; DGC 3302 a; DGC 3303 a; DGC 7439 a;
DGC 7443a; DGC 7441 A; DGC 7442 a.
a K26 cog+ ; rec-w 147
4* *4“a K26 cog ; rec-w 320 x Em A; rec-w
(=860a)
+  -f"A K26 cog ;rec-w 581 x Em a cog;rec-w
+ + IA k26 cog ;rec-w 841 x 910 a K166 (arg-1) cog
arg-1 K26 1845 x 2931
A cog;cot-1;
A arg-1 K26 3268 x 2972 a cog; cot-1
cog+;cot-1
1844 A K26 cog
I
3300 + 33Ö1 
A arg-1 K26 cog ;cot-1; 
rec-w+
a arg~l K26 cog ;cot-1 '
r e .c ,~”  +  3 3 0 33302 x 6650 A inos asp rec-w
3820 x
A rec-w rec-1;cot-1
+
7246
a arg-1 K26 co 
inos asp rec-
x5911
arg-1 K26 cog ;cot-1 7439
a rec-1 
rec-w
7443
a rec-1 
rec-w
+g ;
.-w+; cot-1
A rec-w; 
rec-1;cot-1
7441 , 7442 , argTl K26
A rec-1 a rec-1 cog ;cot-1
r p  r— t o  n — TaT
viii
K 874
Stocks of K874 cog ad-3; cot-1 constitution: DGC 7448; 
DGC 7449; DGC 7454; DGC 7455.
K874 x 2931
a rec-w A cot-1; rec-w+
3091 x 3071 A ad-3; cot-1 
K874;cot-l |
a K874ad-3;cot-1;rec-w 3233 x 6650 A inos asp
rec-w
A cot-1:rec-lrec-w:3280 x 7249
a K874 ad-3;cot-1;rec-w 
inos asp
x5911 A cot-1; 
rec-l+rec-w
K874 cog ad-3; 7448
cot-1
7449 T 17454 7455
A rec-1 rec-w A - + ,+ A rec-1 rec-w a rec-1
rec-w+
a rec-1 rec-w
ix
K434
Stocks of arg-1 K434 cog; cot-1 constitution: DGC 7595 A; 
DGC 7599 A; DGC 7600 a.
a rec-w K434 x 2931 A cot-1;rec-w
a K504 ad-3;cot-1 4387 x 6650 A inos asp
rec-w"*'
cot-1
arg-1 
K434;cot-1
1-3; 3387 x 3081
A K434 cot-1
13384 3385 3^86
a A a
A cot-1; 3820 x
8  x 7116 A inos asp;cot-1
7410
rec-w rec-1 a arg-1 K434; rec-w
inos asp; cot-1
arg-1 K434I i
cog;cot-l 7595 7596
A rec-1 A rec-1
H 1
7597 7598
a rec-1 a rec-1
7599 
A rec-1
7600 
a rec-1
7601 
a rec
rec-w -r&n — T*7
K458
Stock DGC 3241
Constitution: a K458 cog ad-3; cot-1; rec-4 rec-w
K118
2931 x ad-3; rec-w
K458
2931 x his-3 a rec-w
A cot-1;rec-w',+ A cot-1;rec-w"1-
3071 x
A ad-3; cot-1
3241
3095
a K458; cot-1
a K458 cog ad-3; cot-1; rec-w rec-4
xi
K1201
Stocks of K1201 cog ad-3; cot-1; rec-w constitution: 
DGC 7446 A; DGC 7447A; DGC 7450 A; DGC 7451 a
K1201 x 2931 A cot-1; rec-w 
a rec-w
K1201;cot-1 3096 x 3071
A ad-3;cot-1
3084
A
a K1201 ad-3;cot-1 3215 x 6650 A inos asp rec-w 
rec-w
+
3820 x 7248 x 5911
A cot-1;rec-1 a K1201 ad-3; A cot-1; ,+rec-1
rec-w cot-1; inos asp rec-w
K1201 cog r~7446 17447 7450 ~“l7451 K1201 cog
ad-3;cot-1 cot-1
A rec-1 A rec-1 A rec-l+ a rec-1
rec-w rec-w rec-w rec-w
A y
Stocks: DGC 3369 A arg-1 cog ad-3; cot-1 rec-w 
DGC 3387 a arg-1 cog ad-3; cot-1
a K1201 cog ad-3; cot-1;rec-w 3215 x 3300 A arg-1 K26 cog~t~; cot-1; rec-w+
3369 13387
A arg-1 cog ad-3;cot-1;rec-w a arg-1 cog ad-3;cot-1
xii
TABLE 1
Pedigree of stocks of K458; K492; K474; K480
Common parent
arg-l°cog ad-3; 
cot-1 constitution
Stock of 
his-3 cog 
constitution
Progeny
DGC 3369 
A rec-w
DGC 3387 a
DGC 3329
a K492 cog;cot-1;
+rec-w
DGC 3437
A arg-1 K492 cog;cot-l;
,+ +rec-4 rec-w
DGC 3439
A arg-1 K492 cog;cot-1;rec-4 
rec-w
DGC 3323 
a K474 cog;cot-1
DGC 3097
a K480 cog;cot-1
DGC 3881
a K474 cog ad-3;cot-1; 
rec-4 rec-w
DGC 3890
A arg-1 K474 cog;cot-1; 
rec-w
DGC 3734
A arg-1 K480 cog;cot-1;rec-w
DGC 3085
A K480 cog;cot-1; 
DGC 3083
A K458 cog;cot-1 
DGC 3210
DGC 3892
a arg-1 K480 cog;cot-1;rec-w 
DGC 3737
a arg-1 K458 cog;cot-1;rec-w 
DGC 3830
A K959 cog;cot-1 a arg-1 K959 cog;cot-1;rec-w
TA
BL
E
xiii
TM522
Stock 593 A arg-1 TM522 cog"*"; cot-1; rec-w
Stock 596 a TM522 cog ad-3; cot-1; rec-w
Stocks 741; 743; 744; 745; 746 of TM522 cog ad-3; cot-1 constitution
TM522 x DGC3369
a cog+ rec-w cot-1 A arg-1 cog ad-3; cot-1; rec-w
Aarg-1 TM522 cog+ ;cot-1;rec-w 593 596
aTM522 cog ad-3 cot-1 rec-w
x EmA
rec-w1
Tm522 ad-3; cot-1
741 743 744 745 746
A cog; rec-w A rec-w+ a cog;rec-w a cog;rec-w a cog;rec-w

II
TABLE 1. Prototroph frequencies obtained 
testing rec-w constitution of wild type stocks. 
The range in rec-w x rec-w crosses is 
45.76 + 3.71 - 250.00 + 27.39. In rec-w x rec-w+ 
crosses range is from 1.84 + 0.52 to 13.9 + 3.62
Ill
APPENDIX 2 TABLE 1
Origin
Em A x K26 rec-w
Em A x K26 +rec-w
Isolate A C Prototrophs per 105
R 1 468 234 100 + 8
R 4 98 61 80 + 13
R 6 26 281 5 ± 0.9
S 2 247 120 102 + 11
S19 79 753 5 + 0.6
Sll 496 251 98 + 8
S12 36 316 6 ± 1
S13 23 276 4 ± 0.9
S21 561 277 101 + 7
S23 581 252 115 + 8
S26 31 547 2 + 0.5
S31 715 511 70 + 4
S32 11 106 5 ± 2
S33 14 141 5 t 1
S 35 230 156 74 ± 8
S36 187 171 54 + 5
S16 21 309 3 ± 0.7
J 3 15 103 7 ± 2
K 1 12 97 6 ± 1
K 3 68 676 5 ± 0.6
K 9 16 183 4 ± 1
K10 9 83 5 ± 1.9
Kll 40 260 7 ± 1
K15 12 101 5 ± 1
K20 8 91 4 4 - 1
IV
Prototrophs
Origin Isolate A C per 105
Chilton a x K26 rec-w F19 65 58 56 + 10
F 6 30 24 62 + 17
B33 70 70 50 + 8
B28 42 21 100 + 26
B14 259 102 126 + 14
BIO 123 61 100 + 15
B15 12 52 11 + 3
B22 500 100 250 + 27
B29 0 50 0
Bll 0 35 0
St. Lawrence AxK26 rec-w+ D 9 7 110 3 + 1
D 2 16 62 12 + 3
H10 13 353 1 + 0
Hll 9 108 4 + 1
H29 10 104 4 + 1
H26 12 130 4 + 1
H18 0 15
H42 10 145 3 + 1
H15 2 47 2 + 0.
Chilton a x K26 rec-w+ G12 19 68 13 + 3
G21 11 94 5 + 1
C16 0 36
C 5 6 83 3 + 1
C 8 11 50 11 + 3
C 4 60 280 10 + 1
C26 10 160 3 + 1
C 6 5 32 7 + 3
VOrigin 
St„Lawrence
DGC 3820 A x
DGC 3820 A x
Isolate
. x K26 rec-w E10 
E 1 
118 
137 
134 
116
K26 rec-w B 5
B 6 
B 8 
C 7 
C 1 
C 4
K26 rec-w+ Ell
E12 
E10 
D 1 
D 2 
D 5 
D 6 
D 7 
D 9 
D13 
D16 
E) 4  
D15
A C
Prototrophs per 105
543 313 86 + 6
747 469 79 + 4
4 44 4 + 2
799 269 148 + 10
22 197 5 + 1
794 216 183 + 14
187 168 55 + 5
121 75 80 + 11
176 111 79 + 9
332 132 125 + 12
865 425 101 + 6
702 395 88 + 5
12 74 8 + 2
9 103 4 + 1
204 124 82 + 9
386 234 82 + 6
436 217 100 + 8
361 148 121 + 11
35 169 10 + 1
29 444 3 + 0.6
10 55 9 + 3
596 183 162 + 13
362 158 114 + 10
546 303 90 + 6
66 946 3 + 0.4
VI
Origin
429 a x K26 rec-w
429 a x K26 rec-w+
Isolate A C
Prototrophs 
per 10^
B20 517 130 198 + 19
B12 129 46 140 + 24
B21 91 63 72 + 11
B18 287 187 76 + 7
B13 379 186 101 + 9
CIO 102 70 72 + 11
Cll 46 42 54 + 11
C14 134 49 136 + 22
C16 364 160 113 + 10
C15 2061 678 151 + 6
C17 2478 932 132 + 5
C19 1275 773 82 + 3
C22 1153 564 102 + 5
C23 2435 842 144 + 5
C 2 678 385 88 + 5
C 3 1702 891 95 + 3
D16 2147 805 133 + 5
D19 2797 1147 121 + 4
E 1 37 440 4 + 0.7
E 3 67 715 4 + 0.6
E 4 13 235 2 + 0.7
E17 1514 480 157 + 8
E18 1964 589 166 + 7
VII
Origin
430 a x K26 rec-w
430 a x K26 rec-w+
Isolate A C Prototrophs 
per 10^
L 8 119 56 106 + 17
L18 240 104 115 + 13
M 1 118 91 64 + 9
M 2 851 183 232 + 18
M 3 1281 365 175 + 10
M 4 1840 603 152 + 7
M 5 347 169 102 + 9
M 6 423 151 140 + 13
M 7 291 318 45 + 3
M15 253 85 148 + 18
M 9 179 79 113 + 15
M10 191 77 124 + 16
Mil 161 68 118 + 17
M12 586 250 117 + 8
M13 121 71 85 + 12
M16 1487 521 142 + 7
M17 277 191 72 + 6
0 1 9 75 6 + 2
0 3 524 338 77 + 5
N 5 16 123 6 + 1
N 6 294 153 96 + 9
N 4 9 188 2 + 0.8
VIII
Origin
431 a x K26 rec-w
Isolate A C
Prototrophs 
per 10~>
Pll 187 112 83 + 9
P13 151 79 109 + 16
P22 781 368 106 + 6
P17 337 230 73 + 6
P24 130 126 51 + 6
P20 125 121 51 + 6
R 2 239 149 80 + 8
R 4 231 127 90 + 10
R 7 594 251 118 + 8
R 8 187 171 54 + 5
R 9 591 263 112 + 8
RIO 330 178 92 + 8
R12 569 275 103 + 7
R14 135 62 108 + 16
R15 496 221 112 + 9
R18 737 368 100 + 6
R19 181 56 161 + 24
R2 5 248 120 103 + 11
R2 7 368 231 79 + 6
R21 195 163 59 + 6
IX
Origin
431 a x K26 rec-w+
432 A x K26 rec-w
Isolate A C Prototrophs 
per 105
Til 159 115 69 + 21
T 2 13 137 4 + 1
F22 293 168 87 + 8
F26 479 298 80 + 5
F16 126 31 203 + 40
F24 15 75 10 + 2
F 7 14 154 4 + 1
F23 13 126 5 + 1
F12 366 213 85 + 7
F27 6 37 8 + 3
F20 9 94 4 + 1
F21 14 130 5 + 1
V 2 1463 530 138 + 7
V 6 831 480 86 + 4
V 7 1302 409 159 + 9
V 9 1465 304 240 + 15
VI8 94 576 8 + 0.9
V16 131 833 7 + 0.7
V22 1347 111 86 + 3
V14 25 139 8 + 1
V12 1213 484 125 + 6
V13 1183 692 85 + 4
V33 681 317 107 + 7
XOrigin
432 A x K26 rec-w+
Isolate A C Prototrophs 
per 105
F 2 62 303 10 t 1
F 6 214 946 H  + 0.8
F10 78 541 7 + 0.8
F13 52 354 7 ± 1
F15 46 288 7 ± 1
F16 83 842 4 ± 0.5
F19 119 468 12 ± 0.1
F21 60 364 8 ± 1
F 7 113 915 6 + 0.6
XI
TM 522
Stock 593 A arg-1 TM522 cog'1'; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
C O £
K504
rec-w 630 875 36 + 1.9 25 8 31 12
rec-w 61 2538 1.2 ± 0.15 17 9 30 5
rec-w 2637 1299 101 t 3.4 93 50 171 45
K874
5.5 t 0.33rec-w 304 2760 93 44 128 34
K458 rec-w 722 749 48 ± 2.5 150 73 219 78
K474 rec-w 284 256 55 ± 4.8 54 45 87 27
+
C O £
K26 rec-w 384 176 109 ± 9.9 69 87 93 67
TM428 rec-w 406 321 63 ± 4.7 46 68 63 58
TM521 rec-w 1054 422 125 ± 7.2 44 77 71 48
TM504 rec-w 709 160 222 ± 19 16 44 51 9
TM501 rec-w 92 47 98 ± 17 26 19 32 14
XII
TM522
Stock 596 a TM522 cog ad—3j rec—w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
rec-w 44 941 2.2 + 0.37 13 2 24 5
K504 +rec-w 4 240
i
0.83 ± 0.42 0 0 4 0 !
‘!
K474 rec-w 34 00 20 ± 4.1 12 5 10
; i
K480 rec-w 261 455 28 + 2.0 59 40 145 15 |
K492 +rec-w 19 567 1.7 ± 0.39 0 4 0 o !
I +
TM428 rec-w7 112 18 319 ± 81 17 47 33 14
TM521 rec-w— 2771 755 183 t 7.5 42 7Q 98 29
TM501 rec-w 61 14
!
218 + 65 8 17 30 3
TM504 rec-w 2599 662 196 ± 8.5 42 70 99 29
TM502 rec-w 1815 546 166 ± 8.1 61 101 114
1
84
XIII
TM522
Stocks 741A TM522 cog_ ad-3; rec-w
745, 746, 747 a TM522 cog ad-3; rec-w
Crossed
w I
to: I A C Prototrophs/10^ PD pd pD Pd
K504 rec-w 166 3827 2.2 ± 0.16 48 22 66 26
K474 rec-w 325 1251 13 ± 0.81 81 72 74 57
K874 rec-w 166 391 21 ± 1.7 52 19 80 14
K458 rec-w 410 1106 18 ± 1.07 69 56 83 32
K959 rec-w 102 1328 3.8 ± 0.39 32 19 34 17
+cog
TM428 rec-w 1018
j
336 151 ± 9.5 34 80 97 29
K26 rec-w ;4707 1491 158 t 4.6 91 259 269 100
TM521 rec-w 1761 522 169 ± 8.4 35 68 106 31
TM502 rec-w 1383 394 175 ± 10 45 93 77 25
XIV
TM522
Stock 743 A TM522 cog ad-3; rec-w+
Crossec to:
-
A C 5Prototrophs/10 PD pd pD Pd
K458 rec-w 63 1114 2.9 ± 0.37 17 8 24 15
K959 rec-w 61 1976 1.5 ± 0.20 20 16 18 7
+£££.
TM428 rec-w 60 437 6.9 ± 0.94 18 7 30 5
TM521 rec-w 65 411 7.9 ± 1.0 17 7 37 4
TM502 rec-w 127 609 10 ± 1.0 24 22 40 19
TM428
Stock 493 A arg-1 TM428 cog+; rec-w
Crossec to:
_________ 1
A C Prototrophs/10^ PD pd pD Pd
rec-w 1610 1356 59.4 t 2.18 57 140 122 64
K504 +rec-w 42 436 4.81 ± 0.78 11 5 22 4
K1201 rec-w 3445 2478 69.5 t 1.82 103 246 318 53
I rec-w 1825 1794 50.9 + 1.68 179 51 211 66
K874 +rec-w 119 2763 2.15 t 0.20 29 19 48 13
K458 rec-w 366 1809 10.1 ± 0.58 48 105 131 61
K474 rec-w 88 1017 4.32 t 0.48 27 26 22 13
+cog
TM521 rec-w 421 592
'
35.5 t 2.26 37 49 73 55
TM504 rec-w 239 57 210 t 31 41 77 69 50
XVI
Stock 558 A arg-1 TM428 =°£.+ ; rec-w
Crossed to: A c Prototrophs/10~* PD pd pD Pd
rec-w 800 696 57.5 ± 2.97 22 68 60 18
TM504 +rec-w 3 9 16.7 t 11.1 2 1 0 0
K1201 rec-w 1940 1583 61.3 ±  2.07 22 51 52 19
rec-w 461 433 53.2 ±  3.55 30 16 77 20
K874 +rec-w 12 355 1.69 ±  0,50 4 1 7 0
K458 rec-w 114 554 10.29 t 1.06 13 32 28 23
K474 rec-w 15 141 5.32 ±  1.44 3 4 0 8
XVII
Stock 559 A arg-■1 TM428 c£g+; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
£££
rec-w 49 34 72.1 ± 16.1 4 25 13 4
K504 Trec-w 20 63 15.9 t 4.07 4 2 8 6
K1201 rec-w 1709 1218 70.2 ± 2.62 36 71 98 11
rec-w 185 116 79.7 ± 9.44 50 13 72 10
K874 +rec-w 11 344 1.60 ± 0.49 6 0 5 0
K458 rec-w 74 351 10.5 ± 1.35 9 26 20 17
K474 rec-w 17 106 8.02 - 2.09 5 5 2 5
XVIII
Stock 523 a arg-1 TM428 cog+; rec-w
Crossed to: A C Prototrophs/10~* PD pd pD Pd
+cog
TM504 rec-w+ 381 2034 9.37 ± 0.52 75 132 120 54
Stocks 728; 729; 730 a arg-1 TM428 cog+ ; rec-w+
Crossed to: A C Prototrophs/10^ PD pd pD Pd
K1201 rec-w 390 5737 3.4 ± 0.18 147 39 168 17
XIX
Stock 525 a TM428 CO£+ a d - 3 ; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
K504 rec-w 938 503 93.2 ± 5.14 37 109 113 37
K492 +rec-w 137 958 7.1 +  0.65 21 11 22 15
K474 rec-w 14 190 3.7 t 1.02 1 7 5 1
K458 rec-w 16 118 6.8 t  1.8 1 3 7 0
K127 +rec-w 17 128 6.6 ±  1.7 4 2 0 11
K434 rec-w 0 1225 -
K480 rec-w 1689 1057 80 ± 3.1 65 37 143 19
+
rec-w 484 671 36 +  2.0 55 100 85 61
K26 +rec-w 37 2350 0.79 t 0.13 3 9 15 7
TM521 rec-w 129 202 31.9 ± 3.60 10 23 30 16
TM504 rec-w 1748 613 143 t  6.7 44 74 70 52
TM502 rec-w 601 329 91.3 ± 6.2 56 69 83 42
XX
TM521
Stock 568 A arg-1 TM521 cog+; rec-w
Crossed to: A C Prototrophs/10“* PD pd PD Pd
rec-w 3103 1046 148 ± 5.28 30 72 99 39
K504
T*rec-w 102 741 6.9 ± 0.72 27 5 33 8
rec-w 837 1902 22 t 0.90 82 34 84 39
K874
rec-w 112 5255 1.07 ± 0.10 31 19 48 24
K458 rec-w 151 133 56.8 ± 6.75 31 87 97 33 C1)
(1) The total of these four classes is equal to 249, greater therefore 
than the number of prototrophs indicated in column A. This is due 
to the fact that these were two assays but the frequency of 
prototrophs from one was omitted due to an error in the spore
dilution.
XXI
Stock 566 A TM521 cog+ ad-3; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
K504 rec-w 2212 972 114 t 4.36 30 79 93 38
K458 rec-w 470 498 47 ± 3.0 11 43 48 18
Stock a TM521 cog+ ; rec-w
Crossed to: A C Prototrophs/10"* PD pd pD Pd
+
K26 rec-w 33 2292 0.71 ± 0.12 9 24
XXII
TM429
Stock 560 A arg-1 TM429; rec--w
Crossed to: A C Prototrophs/10~* PD pd pD Pd
rec-w 80 491 8.1 t 0.96 28 0 52 0
K504
rec-w 12 75 8.0 ± 2.49 1 0 11 0
rec-w 2 377 0.26 t 0.19 2 0 0 0
K874
rec-w 1 575 0.087 1 0 0 0
K474 rec-w 20 65 15.4 ± 3.93 9 1 10 0
K458 rec-w 49 328 7.5 ± 1.44 16 0 33 0
XXIII
Stock 497 A arg-1 TM429 ; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
C O £
K504 rec-w 212 896 12.0 ±  0.90 68 4 140 0
K1201 rec-w 446 1863 12.0 t  0.63 137 2 273 1
rec-w 0 706
K874
rec-w 13 768 0.85 ±  0.24 9 0 1 1
K474 rec-w 22 83 13.2 ± 3.18 9 0 13 0
K458 rec-w 59 460 6.41 ±  0.89 25 0 34 0
K480 +rec-w 16 129 6.2 ±  1.3 0 3 10 3
rec-w 13 47 13.8 ±  4.33 10 0 3 0
TM522
rec-w 17 34 10.3 t 4.27 3 0 4 0
C££+
TM521 rec-w 38 117 16.2 +  3.03 21 2 15 0
rec-w 104 276 18.8 t 2.17 54 4 39 7
TM428
rec-w+ 8 431 0.93 t 0.25 3 0 5 0
TM504 rec-w 365 191 95.5 ± 8.5 19 166 111 47
XXIV
Stock 561 A  arg-1 T M 4 2 9 ; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
rec-w 145 510 14.2 + 1.34 55 2 80 3
K504 +rec-w 59 242 12.2 ±  1.80 19 0 52 0
K1201 rec-w 109 312 17.5 t 1.94 34 1 71 3
rec-w 9 936 0.48 - 0,16 8 0 1 0
K874
rec-w 10 2186 0.23 t 0.07 6 0 4 0
K474 rec-w 131 397 16.5 ± 1.66 41 1 82 3
K458 rec-w 36 312 5.77 ± 1.01 14 1 21 0
XXV
Stocks 562; 563; 524; a arg-■1 TM429; rec-w
Crossedi to: A C Prototrophs/10^ PD pd pD Pd
£££
K504 rec-w 139 672 10.34 ± 0.96 44 1 80 0
K874 rec-w 11 2762 1.99 ± 0.11 6 1 3 0
K1201 rec-w 599 2376 12.6 t 0.58 148 11 267 6
+
£££
TM504 +rec-w 14 199 3.52 t 0.97 0 8 6 0
XXVI
Stock 326 a TM429 ad-3; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
£ £ &
K504 rec-w 14 108 6.48 ±  1.84 2 0 12 0
K474 rec-w 1 8 6.25 0 0 1 0
K480 rec-w 74 544 6.8 ±  0.79 5 24 43 2
rec-w 300 1572 9.5 ±  0.60 92 5 194 2
K492 +rec-w 277 1271 11 ±  0.71 88 6 177 4
K434 rec-w 60 634 4.7 ±  0.63 23 1 36 0
+
£ £ &
rec-w 140 369 19 t 1.9 80 12 43 5
K26 +rec-w 20 1273 0.78 ±  0.18 10 1 7 0
TM428 rec-w 44 154 14.3 ±  2.44 24 1 14 5
TM522 rec-w 10 14 32 ± 14 3 0 5 2
TM502 rec-w 102 20 255 ± 62 2 61 32 7
TM521 rec-w 30 208 7.21 ±  1.41 17 0 11 1
XXVII
TM501
Stock 588 A arg--1 TM 501 rec-w
Crossed to: A c • 5Prototrophs/10 PD pd pD Pd
cog
rec-w 1286 260 247 t 17 29 113 179 39
K504
Trec-w 99 541 9,1 ± 1.0 32 6 47 6
rec-w 588 428 59 ± 4.1 7 39 63 11
K874
rec-w 28 508 2.75 I 0.53 5 5 18 0
XXVIII
TM504
Stock 591 A arg-1 TM504 cog+; rec-w
Crossed to: A c Prototrophs/10^ PD pd pD Pd
cog
rec-w 1561 553 141 t 6.7 26 105 194 35
K504
rec-w 336 2291 7.3 I 0.42 100 36 149 39
rec-w 2939 3517 42 + 1.04 32 105 183 40
K874
rec-w 139 4288 1.60 + 0.13 40 11 70 12
Stock 717 A arg-1 TM504 cog+ ; rec-w+
Crossed to: A C Prototrophs/lO"* PD pd pD Pd
cog
K504 rec-w 81 522 7.76 ± 0.93 35 9 28 4
K874 rec-w 16 339 2.36 t 0.60 7 1 8 0
+
K26 rec-w 64 791 4.0 - 0.53 11 19 19 14
XXIX
Stock 600 a TM504 cog+ ad-3; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
£2&
rec-w 11374 1253 454 + 13 17 78 122 23
K504 +rec-w 414 1688 12 + 0.66 141 21 217 12
+
rec-w 3360 974 172 + 6.3 76 104 98 82
K26 +rec-w 294 3081 4.8 + 0.29 53 79 71 44
TM502 rec-w 610 936 33 + 1.7 76 141 99 44
Crossed to: A C Prototrophs/10^ PD pd pD Pd
+
TM502 rec-w 22 584 1.9 t 0.41 3 9 8 2
XXX
TM502
Stock 589 A arg-■1 TM502 cog+; rec-w
Crossed to: A C Prototrophs/10^ PD pd pD Pd
cog
rec-w 3528 1596 110 ± 2.42 93 198 256 62
K504
rec-w 408 2990 8.5 I 0.45 116 51 211 28
rec-w 2987 2686 56 ± 1.5 95 152 280 72
K874
rec-w 227 4749 2.4 + 0.16 57 18 136 14
K1201 rec-w 5081 2528 100 ± 2.42 71 147 210 50
K474 rec-w 1236 653 94.6 ± 4.57 79 108 132 41
+
rec-w 2238 1335 84 ± 2.9 76 170 126 106
K26 +rec-w 177 2983 2.97 t 0.23 48 47 42 40
XXXI
cog x cog crosses
Cross A C 5 !Prototrophs/10
I
PD pd pD Pd
K1201 x K504 
rec-w 5 361 0.69 t 0.31 4 0 1 0
rec-w 445 1584 14 ± 0.75 90 81 101 58
K504 x K474
+rec-w 100 1366 3.7 t 0.38 20 12 36 30
rec-w 814 977 42 + 2.0 95 62 90 50
K492 x K874
+rec-w 437 2231 10 t 0.51 111 56 121 83
rec-w 302 1245 12 t 0.78 72 70 81 48
K504 x K458
+rec-w 203 2758 3.7 ± 0.27 56 21 78 46
rec-w 545 2204 12 ± 0.59 142 114 146 71
K504 x K480
+rec-w 210 1615 6.5 ± 0.47 60 33 79 38
rec-w 876 4351 10 - 0.37 189 123 211 173
K874 x K480
+rec-w 535
L__ -
8638 3.1 t 0.14 138 80 174 100
ADDENDUM .
As already stated in Chapter 8 any hypothesis on the 
function of the rec-w+ gene and on the cog'Vrec-w4' system
must take into account the dominance relationships. Since
Neurosuora, is dominant, acts on an unlinked locus and 
reduces the amount of recombination, it must be inferred 
that its product is probably not a recombinase. 
"Recombinase" is a general term applicable to any enzyme 
participating in the steps leading to crossing over between 
two homologous chromosomes or the conversion of a gene in 
one through interaction with the other. The steps involved 
would, subsequent to pairing, be likely to involve cutting 
DNA chains by endonucleases, excision by exonucleases, 
reconstruction by D1TA polymerases and reunion by sealing 
of gaps in chains by ligases. The feature of rec-w+, 
and similar genes in Neurospora, is its specificity, a 
property likely to be shown only by an endonuclease 
recognising a specific sequence of nucleo— tides in DNA 
so that it could cut and excise at a specific place.
However, if rec-w+ coded for a recombinase such as 
an endonuclease, the recessive rec-w gene would code for 
a less active enzyme and would be expected to have the 
effect of reducing recombination in rec-w rec-w crosses.
X. f  ■—
rec-w+ , like all the other recombination genes found in
2It is therefore more likely that the product of rec-w 
is a regulator of the activity of recombinase which is 
assumed to be coded by another gene, comb (Catcheside, 1966).
All the recombination genes have been shown to be 
highly specific, although this specificity is not
necessarily to only one locus (Catcheside and Austin, 1970).
- | -  *The effect of rec-3 has been tested on ten loc$ and only
two have been found to be affected. These ten loci and
an additional five loci have been tested for sensitivity
to rec-l+ and so far only one or perhaps two, if rec-z+
is the same as rec-l+ as D.E.A. Catcheside (personal
communication) believes, appear to be affected. Since
the number of loci tested so far is not large proper
generalisations cannot be made on the degree of specificity.
However the fact that recombination loci do show
of Ltspecificity^action makes^necessary to assume the existence 
of a recognition locus, represented by a series of 
nucleotides, perhaps analogous to Holliday's "recombinator". 
The recombinase must detect the recognition locus in order 
to initiate hybrid DNA formation in a particular locus or 
in a particular segment of chromosome. This sequence of 
nucleotides could be repeated several to many times in 
the genome and the same recombinase would therefore initiate 
recombination at several different loci. According to 
this hypothesis there should be an equal number of rec
3 .
and comb loci. However none of the latter have yet been 
identified and could not easily be found by existing 
methods. It is not possible to make any good estimate 
of the number of rec genes in Neurospora because no 
evidence is yet available to show how many times the same 
sequence of nucleotides may be repeated in the genome. A 
solution to the problem could be approached by testing all 
the known rec+ genes against a random set of loci which 
participate in recombination. These tests now in progress 
(Catcheside, personal communication) are often limited by 
allelic sterility. Besides the fifteen loci which were
- f  -ftested for sensitivity to rec-3 and rec-1 , about 20% of 
the Known linkage maps was tested by Smith for the effect 
of rec-2+ on non-allelic recombination. The results of 
these tests were negative except for one unconfirmed 
activity in the afg-3/his-2 interval. There does not 
seem to be any good reason why recombination in some parts 
of the genome should be under the control of rec genes 
and not in others. Therefore it is reasonable to assume 
that recombination at all loci is controlled by rec genes. 
Since five out of fifteen loci tested so far are affected 
by rec genes at not fewer than three loci, the number of 
rec loci affecting these fifteen loci could be assumed to 
be nine if they occur in proportion. This suggests a 
rather large number of rec and cog loci for the whole genome. 
It may well be that the existing laboratory stocks of
4Neurospora are all rec for some of these and all rec+ for 
others. Reports of the frequencies of allelic recombination 
show some with relatively high and others with relatively 
low frequencies of recombination; the former would be 
those under rec control, the latter under rec+ control.
These considerations suggest that in respect of their rec 
gene control the stocks in which recombination was studied 
werfeftec for pan-2, me-2, his-7 and rec+ for his-6, pyr-3, 
me-7. Indeed, Catcheside and Austin (1969) discovered the 
rec-x+ (= rec-3+) control of recombination at the his-2 locus 
by searching for and finding rec+ genes in wild stocks 
unrelated to the laboratory stock in which the his-2 
mutants had been induced. The absence of reports of 
similar specific rec genes in bacteria may well be due to 
the derivation of all stocks from essentially one source 
as much as to the lack of a search for such genes, the 
existence of which does not, a priori, appear probable 
until after they have been found.
The amount of genetic information necessary for the 
control of recombination appears to be considerable. Since 
rec+ genes seem to be regulators of other genes (comb) and 
because of their specificity there must be an equal 
number of rec and comb genes. The product of comb is 
probably an endonuclease, that of rec+ a regulatory protein.
In addition to these genes there must be a large number of 
cog loci scattered throughout the genome and a few genes 
concerned with the repair mechanism specifying perhaps 
a few exonucleases, a DNA polymerase and a ligase. The 
genes of the comb class must also each have an operative 
site con whose function is the recognition of the rec+ 
product. The evidence from various organisms such as 
E. coli and N. crassa shows that the enzymes and genes 
concerned with excision or photo reactivation of pyrimidine 
dimers formed by irradiation with ultraviolet light, are 
not concerned in recombination. The evidence collected in 
the course of this research seems to indicate that cog+ is 
a variant of the recognition site at the his-3 locus.
This assumption is mainly based on the results of allelic 
crosses involving TM42§ (see Chapter 7) and on the fact 
that cog+ is closely linked to his-3. This fact alone 
however would not be sufficient to discard the hypothesis 
that cog+ be analogous to comb and code for a recombinase. 
The fact that the effect of rec-w+ is epistatic to cog+ 
is in agreement with the assumption above since rec-w+ 
can be assumed to regulate the product of comb. The 
frequency of recombinants in crosses involving TH42§ cog+ 
and his-3 alleles of cog constitution whose site of 
difference is proximal to TH42^ is not affected by the 
presence or absence of rec-w+. The frequencies are as low 
as would be expected if rec-w+ were always present. This
6 .
fact cannot be reconciled easily with a more active
recombinase coded for by cog+ because it should be able to
act upon the his-3 locus even if separated from it. The
data obtained from crosses between TM42§ and alleles whose
sites of difference are distal to TH42§ and reported in
this thesis are not very extensive and allow the possibility
that the TH42f stock used for these crosses did not carry
cog+. This is probably the more likely explanation since
further tests performed with other TM42^ stocks crossed 
K4 8 0to his-3 , whose site of allelic difference is distal 
to the interchange, show a rec-w/rec-w+ ratio of 28 (Catcheside 
and Angel unpublished). In crosses involving alleles 
whose site is proximal to TH42f there is no effect probably 
because the recombinase initiates hyhrid DNA from the 
distal end and because of the break distal hybrid DNA does 
not cover the proximal allele.
The hypothesis that cog+ is the recognition site is 
also supported by the fact that the chromosome in which 
cog+ lies is more affected than its homologue carrying cog 
as shown by the behaviour of the flanking markers in 
crosses with alleles other than Tf(42^ . If the cross is
P mi t cog+ P
I I I ! I“
p + m2 cog d
the more frequent parental class of markers is PD. If cog+
7.
accompanies the distal allele m2, than pd is the more 
frequent parental class. All these data suggest that there 
is a strong competition between cog+ and cog (Catcheside 
and Angel, unpublished) and that the choice is in favour 
of cog+. If this explanation is correct crosses between 
a TM42§ cog strain and other his-3 mutants of cog 
constitution whose sites of allelic difference are proximal 
to the interchange will show a rec-w/rec-w+ difference.
The results obtained from allelic crosses involving 
TM42^ are similar to those which may be predicted if 
cog+ were deleted. Deletions in Neurospora are lethal 
but can be maintained in heterocaryon stocks. A deletion 
of cog+ however would be very difficult to isolate. In 
fact cog+ is located between his-3 and ad-3 and deletions 
of ad-3 are lethal (de Serres, 1968). The hypothesis that 
cog+ is a recognition site can also be tested by searching 
for other loci affected by rec-w+. As already stated in 
Chapter 4 the possibility that rec-w and rec-2 are the 
same gene is now being tested. In fact if cog+ coded for 
a recombinase, in crosses rec-w x rec-w all loci affected 
by rec-w+ would show an increase in recombination provided 
that cog+ were present in the stocks crossed. This 
however would still leave the possibility that other loci 
besides his-3 have a recognition site which is recognised
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more efficiently. This problem could be solved by 
searching for variations of the postulated cog loci at the 
other positions (such as the pyr-3 j his-5 region) in 
stocks of different wild type origin.
A deletion of rec-w+ would have the effect of increasing 
recombination at all loci affected if the hypothesis that 
recombination genes are regulatory genes is correct. This 
type of experiment is however not easy not merely because 
deletions are usually lethal. A major difficulty lies in 
distinguishing between rec-w and a deficiency for rec-w+, 
expected to have the same phenotype. A viable deletion 
should involve only a short chromosome segment which 
should be suitably marked to allow detection of the 
chromosome breakage. rec-w appears to be located on linkage 
group V, probably in the neighbourhood of the am-l/his-1 
region (for discussion of linkage data see pp. 38-39,
Chapter 3) which is about 4 centimorgans. The locus of 
gul-1 is between am-1 and his-1, relatively nearer to am-1 
and dividing the interval into lengths of 0.05 and 3.35 
centimorgans (Smyth, 1970). If rec-w+ is located in this 
region it would be possible to have a relatively short 
segment suitably marked. A deletion of rec-w+ could also 
be used to check on the level of activity of the rec-w 
product. In fact, if the rec-w product is not active, 
recombination in crosses between stocks carrying rec-w+Dl
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would have the same frequency as in a cross rec-w x rec-w. 
If the rec-w product has some activity, the frequency of 
recombinants in a cross rec-w x rec-w would be lower than 
that yielded by a cross rec-w+Dl x rec-w+Dl.
Since the discovery of rec genes in Neurospora the 
question whether they are primarily concerned with other 
functions has been considered. The supposition 
(Catcheside, 1966; Whitehouse, 1966) that rec genes might 
also regulate transcription does not have any support. In 
fact, D.E.A. Catcheside (1968) tested the reduction of 
specific activity of the am-l+ gene product (glutamic 
dehydrogenase) in rec-3 and rec-3+ stocks. This repression 
is caused by exogenous "effectors" such as ammonia or urea. 
The results clearly showed that repression occurred in 
equal extents in rec-3 and rec-3+ stocks. If rec-3+ were 
the regulator of transcription of the am-l+ gene, it 
would be expected that repression should be absent or 
much less in rec-3 stocks.
It has been suggested that some of the processes 
which lead to the repair of DNA damaged by irradiation 
may also be involved in recombination. However, several 
kinds of mutants which exhibit radiation sensitivity show 
no effects on recombination. Hence not all systems 
involved in DNA repair are also involved in recombination. 
Some mutants sensitive to irradiation or chemical mutagens
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also show a decreased frequency of recombination. In 
E.coli, the recessive genes rec-A, rec-B and rec-C (see 
Chapter 1) have the effect of reducing recombination and 
are sensitive to U.V. irradiation. The genes concerned 
evidently determine functions common to recombination and 
the repair of DNA following damage by U.V. They differ 
from the recombination genes found in Neurospora in that 
the dominant genes in the latter case reduce recombination. 
Five loci are known in Neurospora, mutation at which gives 
rise to increased sensitivity to ultraviolet light. All 
are probably recessive in heterocaryofts. These loci which 
are genetically distinct since they have different map 
locations have also different effects on recombination. 
uvs-1 (Chang and Tuvesafc, 1967), uvs-2 (Stadler and Smith, 
1968) and uvs-4 (Schroeder, 1970) do not seem to affect 
non-allelic recombination. uvs-2 and uvs-4 are not 
sterile in homozygous crosses. The effect of uvs-4 was 
also tested in crosses between two pan-2 alleles and 
recombination was not found to be affected. uvs-3 and 
uvs-5 (Schroeder, 1970) are sterile in homozygous crosses 
since asci do not develop beyond the stage of multfe- 
nucleate ascogenous hyphae. uvs-1 also has reduced fertility 
the development of asci and spores being affected. To 
study the effect of uvs-3 and uvs-5 on mi-*totic
recombination strains haploid for U.V. sensitivity but
diploid and heterozygous for mating type were obtained by 
using either a pericentric inversion or a translocation. 
Crosses heterozygous for either of these aberrations produce 
progeny with part of linkage group I duplicated while 
the rest of the genome remains haploid. No effect on 
mitotic recombination was shown for uvs-5 and uvs-4 
which was also examined but uvs-3 does seem to increase 
the frequency of an event which may be concerned in 
recombination. This was shown in the following manner.
The mating type locus is always included in the duplications 
and is heterozygous. Ascospores carrying the duplication 
produce small colonies without aerial hyphae. After 4 
days mating type is no longer heterozygous and the colonies 
grow normally and produce aerial hyphae. This process 
of "escape" may be due to somatic crossing-over or small 
deletions, terminal only in stocks derived from trans­
locations but both terminal and interstitional in stocks 
derived from inversions. Colonies carrying uvs-3 grow 
normally two days earlier than colonies carrying uvs-4 or 
uvs-5 or uvs+. The earlier "escape" could be due to an 
increased frequency of interstitial deletions but then 
other types of chromosomal aberrations should also be 
found. Since these were not shown to be more frequent, 
the data suggest that uvs-3 has the effect of increasing
mitotic recombination.
The genes rec-1, rec-w and rec-3 do not cause
noticeable differences in U.V. sensitivity. Probably the 
rec genes found in E.coli and those found in Neurospora 
are concerned with different mechanisms and have different 
functions. The two mutants uvs-3 and uvs-5 of Neurospora 
are probably similar to rec-A, rec-B and rec-C in E.coli 
in being concerned with later stages in the process of 
recombination, after initial breakages. The unique 
character of rec-1, rec-3 and rec-2 in Neurospora is that 
they are concerned with and disclose earlier steps leading 
to recombination.
Another possible way of finding whether rec genes in 
Neurospora are concerned with other functions is to take 
into consideration the systems whose action requires 
recognition of specific parts of DNA. Recognition of 
particular DNA sequences appears to be necessary to 
initiate transcription and DNA replication, to open covalent 
circles of phage DNA and to integrate and excise this DNA 
in and out ofjthe host chromosome. In phage / this 
integration is controlled by the int+ genes whose product 
must be able to recognise specific sequences of DNA since 
integration can only take place at a specific region. Thus 
the product of the int+ genes is analogous to that of the
postulated comb genes in Neurospora.
Finally, there exists the possibility that the 
Neurospora recombination genes really have no function 
other than in recombination. It is not always possible to 
discern clearly what are the evolutionary advantages of 
a particular gene. In the case of the genetic control of 
recombination in Neurospora one hypothesis is that the 
selective advantage of the comb genes would be an increase 
in genetic variability which must however be regulated 
in order to provide some stability, hence the rec+ genes. 
Since the comb genes would be subjected to variation, their 
regulators would also be subjected to variation. The 
problem of the apparent polymorphism of the recombination 
genes cannot therefore be solved until some comb genes 
have been detected and studied. It must be noted that 
the rec genes studied in Neurospora are all in laboratory 
stocks derived by intercrossing several wild stocks, in 
which the rec and comb genes should be mutually adjusted.
It may be that the product of the rec-w might regulate 
the comb in one stock, but not the comb in another and 
that the laboratory stocks have only the latter comb gene.
Another advantage of regulating recombination could 
lie in the fact that there might be selective advantages 
in a higher or lower frequency of recombination in some 
parts of the genome.
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